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Section  1 

INSTRUMENTATION 


EFFECT  OF  MOUNTING-VARIABLES 
ON  ACCELEROMETER  PERFORMANCE 

B.  Mangolds 

Radio  Corporation  of  America 
Princeton,  New  Jersey 


This  paper  describes  a  controlled  program  to  investigate  different 
mounting  techniques  for  accelerometers.  Recommended  techniques 
are  discussed. 


The  published  basic  characteristics  of  an 
accelerometer  do  not  sufficiently  define  the  de¬ 
vice,  and  the  good  instrumentation  engineer 
realizes  that  he  must  have  more  information 
than  this  in  order  to  obtain  accurate  vibration 
data  at  any  measurement  point.  Such  "subtle" 
problem  areas,  which  generally  are  not  brought 
up  in  data  sheets  or  sales  talks  (except  possibly 
in  reference  to  "Brand  X")  and  should  be  taken 
into  consideration  are: 

Interface  (surface)  condition, 

Cross  motion  over  full  frequency  range, 
Polarity, 

Torque  sensitivity, 

Acoustic  sensitivity, 

Stability  of  high  cross-motion  levels  over 
full  frequency  range, 

Dynamic  linearity,  and 
Capacity  temperature  dependence. 

By  careful  selection  of  suitable  hardware,  the 
engineer  can  feel  satisfied  that  these  problems 
are  non-existent  or  are  of  known  magnitude. 
Even  with  all  of  the  above  factors  taken  into 
account,  the  engineer  often  comes  to  the  intui¬ 
tive  conclusion  that  additional  unknown  effects 
are  influencing  the  data  obtained.  The  practical 
significance  of  such  effects  depends  on  the  ap¬ 
plication  of  this  information;  it  can  lead  to  mis¬ 
interpretation  of  the  test  hardware  response 
(if  it  is  used  as  test  data),  or  it  can  result  in 
the  generation  of  environmental  conditions  dif¬ 
fering  from  those  specified  (if  it  is  used  as  a 
control  signal). 


In  order  to  use  an  accelerometer,  one  has 
to  mount  it.  The  Environmental  Simulation 
Group  at  the  RCA  Space  Center  felt  that  these 
additional  factors  affecting  accelerometer  re¬ 
sponse  arise  largely  because  the  transducer  is 
seldom  mounted  in  the  manner  envisioned  by 
the  manufacturer  when  it  is  designed.  The  need 
to  clear  vibration  data  of  the  influence  of  mount¬ 
ing  variables  was  considered  to  be  of  such  im¬ 
portance  that  a  study  of  the  matter  (restricted, 
however,  directly  to  the  problems  of  importance 
to  the  RCA  Environmental  Simulation  Group) 
was  conducted. 

The  following  selected  list  of  mounting 
methods  and  associated  factors  related  to  the 
testing  experience  of  this  RCA  Group  defined 
the  scope  of  the  study: 

MOUNTING  METHODS 

1.  With  Screws  (Fixtures) 

Direct  mounting 
Blocks  (adaptation) 

Blocks  (insulation) 

Studs  (insulation) 

2.  Without  Screws  (Test  Hardware) 

Magnetic  fastening  (repositioning) 
Pressure  sensitive  adhesion  (reposi¬ 
tioning  and  insulation) 

Tapes  (backing) 

Films  (transfer) 


1 


Chemical  adhesion  (insulation) 

Blocks 

Washers 

Paper 

ASSOCIATED  FACTORS 

1.  Temperature  Ramps 

2.  Cable  Routing 

3.  Magnetic  Fields 

Also  investigated  were  the  compatibility  of 
various  accelerometers  in  use  and  the  tech¬ 
niques  of  handling  these  devices.  As  a  result 
of  the  study,  some  models  were  immediately 
removed  from  circulation;  the  use  of  others 
was  restricted;  and  accelerometer-housekeeping 
rules  were  tightened. 

Specific  personnel  were  assigned  to  the 
selection  of  accelerometers  for  future  use  in 
the  Environmental  Simulation  Group,  and  closer 
supervision  of  personnel  handling  the  acceler¬ 
ometers  was  instituted. 

An  example  of  the  results  of  careless  han¬ 
dling  on  an  accelerometer  is  shown  by  the 
frequency- response  curves  of  Fig.  1.  Each 
curve  represents  the  response  degradation 
caused  by  fingerprint  deposits,  of  varying  de¬ 
gree,  across  the  accelerometer  cable  receptacle. 


Determination  of  the  changes  in  the  frequency- 
linearity  of  a  given  transducer  was  the  main  tar¬ 
get  of  the  study.  Most  of  the  work  was  performed 
using  an  Unholtz-Dickie  Model  300  calibration 
system,  Fig.  2.  With  the  shaker  kept  at  a  con¬ 
stant  g  level  (5-g  peak  for  most  work)  this  sys¬ 
tem  swept  up  to  10  kc  and  plotted  the  frequency 
response  of  the  specimen  accelerometer  as  a 
percent  deviation  from  the  control  transducer 
response  at  a  normalized  frequency  (200  cps 
was  used  in  this  work). 

Although  vibration  tests  often  stop  at  2  kc, 
the  frequency  sweep,  in  this  investigation,  was 
extended  to  10  kc  because  acceleration  wave¬ 
forms  charted  in  actual  tests  often  show  a  large 
harmonic  content.  The  interaction  of  the  Fourier 
components  with  the  resonances  caused  by  a 
poor  mounting  situation  can  lead  to  gross  wave¬ 
form  distortion  by  selective  amplification  and 
attenuation. 

All  practically  possible  precautions  were 
taken  to  vary  only  one  factor  at  a  time  in  these 
investigations.  Tests  were  rerun  as  many  as 
six  times  to  prove  the  consistency  of  results 
before  a  conclusion  was  accepted. 

A  compression-type  accelerometer  rep¬ 
resenting  the  "work-horse"  at  the  RCA  Space 
Center  was  stud-mounted  directly  to  the  shaker 


Fig.  1  -  Degradation  of  accelerometer  frequency 
response  caused  by  shunt  impedance  (fingerprints) 
on  cable  receptacles 
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Fig.  2  -  Accelerometer  calibration  setup,  Unholtz- 
Dickie  Model  300  System 


and  a  comparison  was  made,  at  three  different 
torques,  between  the  frequency  response  with 
dry  contact  surfaces,  and  response  with  a  light 
oil  film  bonding  the  interface.  This  comparison 
was  repeated  with  shear  models,  previously 
found  to  be  even  less  torque -sensitive. 

The  results  generally  agreed.  The  same 
frequency  response  is  produced  at  less  torque 
with  an  oil-film  as  with  highly  torqued  dry  sur¬ 
faces;  and  a  significant  buildup  in  the  high- 
frequency  response  (+25  percent  at  10  kc)  can 
be  reduced  to  5  percent  when  using  oil  with  dry- 
surface  mounting.  The  finding  is  of  value  par¬ 
ticularly  in  shock  tests. 

Surfaces  of  odd  shapes  necessitate  the  use 
of  adapters  between  the  accelerometer  and  the 
test  point.  Also,  to  measure  vibration  along  a 
cross -axis,  an  auxiliary  block  often  is  required 
to  fulfill  the  need  for  three  mutually  perpendic¬ 
ular  planes.  One  must  then  consider  the  addi¬ 
tion  of  this  new  spring-mass  element  in  series 
with  the  accelerometer  and  its  effect  on  the 
accelerometer  response  curve  as  a  function  of 
block  material  and  geometry.  Block  size  was 
dictated  by  the  accelerometer  base  area.  Cubes 
of  identical  size  were  made  from  five  common 
materials:  aluminum,  cold-rolled  steel,  brass, 
lucite,  and  fiberglas,  and  tests  were  made  for 


each.  The  resulting  response  curves  are  shown 
in  Fig.  3.  Additional  tests  were  made  with  lu¬ 
cite;  and  more  response  curves  (shown  in  Fig.  4) 
were  taken  to  determine  the  effect  of  adding 
cross -motion  accelerometer  to  setup.  Curve  A 
is  for  the  single  in-line  transducer;  B  and  C 
show  the  result  of  adding,  in  turn,  more  accel¬ 
erometers.  The  shift  of  resonance  towards 
higher  frequencies  were  explained  by  a  stiffen¬ 
ing  effect  on  the  sides  of  the  block  as  acceler¬ 
ometers  were  added.  This  effect  was  verified 
when  instead,  small  steel  plates  were  cemented 
one  at  a  time.  Because  of  their  low  resonant 
frequency,  Lucite  blocks  were  removed  from 
further  consideration.  For  a  while,  Fiberglas 
(G-ll)  was  used  as  block  material,  but  later,  as 
the  insulated-wafer  technique  developed,  this 
material  was  replaced  by  aluminum. 

Insulating  materials  were  of  particular  in¬ 
terest,  because  isolating  an  accelerometer 
electrically  from  ground  is  a  well-known  means 
of  decreasing  the  influence  of  ground  loops.  In¬ 
sulated  triaxial  accelerometers  are  available 
commercially,  but  they  are  economically  im¬ 
practical.  Recently  a  new  series  of  shear-mode 
accelerometers  was  investigated;  their  elec¬ 
trical  circuitry  is  off  ground  and  is  inherently 
insulated,  while  the  case  can  be  grounded  safely 
and  all  other  electrical  characteristics  are  of 
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FREQUENCY  (CPS) 


Fig.  3  -  Effect  of  mounting -blocks  on 
accelerometer  response 


Fig.  4  -  Effect  on  response  ofone  accelerometer  of 
adding  additional  accelerometers  to  mounting  block 


acceptable  quality  without  apparent  compromise. 
However,  since  presently -stocked  accelerome¬ 
ters  still  have  to  be  used  for  some  time,  the 
investigation  included  the  effect  of  insulated 
mountings  on  these. 

Where  threaded  holes  can  be  tolerated, 
commercially-available  insulated  studs  would 
be  of  prime  interest.  A  comparison  of  the  ef¬ 
fect  of  four  studs  of  this  type  (one  having  ce¬ 
ramic  insulation)  was  made;  the  results  are 
shown  in  the  curves  of  Fig.  5.  The  same  accel¬ 
erometer  and  the  same  torque  was  used  in  all 
of  these  tests,  with  an  oil-film  on  all  interfaces. 
A  reference  performance- curve  for  the  accel¬ 
erometer  mounted  directly  to  the  shaker  also 


is  given  in  Fig.  5.  Although  the  difference  of 
results  among  the  studs  used  is  not  great,  one 
stud  having  hexagonal  flanges  provided  a  decided 
advantage.  High  torque  applied  across  the  in¬ 
sulating  layer  affects  its  interface  bond;  this 
might  not  be  readily  apparent  unless  a  com¬ 
parative  calibration  run  is  made.  The  hex- 
flange  construction,  however,  permits  application 
of  torque  to  the  accelerometer  side  and  the  fix¬ 
ture  side  separately,  without  introducing  a  shear 
torque  across  the  insulating  medium.  Better 
reli?’  llity  and  longer  stud  life  can  be  expected 
from  this  design. 

The  use  of  these  devices  is  restricted  to 
systems  where  a  threaded  mounting-hole  can  be 
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Fig.  5  -  Effect  of  insulated  mounting  studs 
on  accelerometer  response 


tolerated.  Such  an  arrangement  cannot  be  used 
on  test  hardware  such  as  vidicon  tubes,  cam¬ 
eras,  solar  cells,  and  the  like.  Other  methods 
such  as  cementing,  vacuum,  and  magnetic - 
mounting  techniques  must  be  considered,  and 
this  makes  the  initial  requirement  for  electrical 
insulation  alone  even  more  complex. 

Vacuum  mounting  was  ruled  out  as  imprac¬ 
tical  for  our  particular  conditions.  Magnetic 
clamping  is  obviously  usable  only  under  special 
conditions;  it  was  tried  nevertheless,  because 
of  its  simplicity  and  relocation.  An  acceler¬ 
ometer  was  mounted  directly  on  a  General 
Radio  magnetic  clamp  Model  1560-P35  (Fig.  6); 
the  resulting  curve  (Fig.  7)  shows  a  fundamental 
resonance  around  4  kc  which  limits  this  method 
even  further.  No  attempt  has  been  made  to  in¬ 
sulate  the  accelerometer  from  the  clamp.  Also, 
because  of  the  relatively  large  contact  surface 
of  the  magnet -to -fixture  interface,  small  varia¬ 
tions  in  the  physical  condition  of  the  surface 
(which  is  difficult  to  control)  had  substantial 
effects  on  the  curve  shape.  Because  most 
structures  are  nonmagnetic,  this  technique  is 
of  limited  interest. 

Cementing  an  accelerometer  in  place  with 
insulating  material  in-between  is  the  most  pop¬ 
ular  and  practical  mounting  method  for  the  ma¬ 
jority  of  applications  at  the  RCA  Space  Center. 
Considerable  effort  was  spent  in  investigating 
materials,  techniques,  and  frequency-affecting 
variables,  and  in  the  establishment  and  enforce¬ 
ment  of  everyday  handling  routines  for  AED 
technicians.  Material  search  established 
melamine -impregnated  Fiberglas  (G-ll)  as  the 
most  practical  insulating  material  for  this 
purpose. 


Fig.  6  -  Accelerometer  mounted  by 
means  of  a  permanent-magnet  clamp 


The  performance  of  a  number  of  blocks 
made  of  various  insulation  materials  has  already 
been  shown  (Figs.  3  and  4)  in  the  discussion  of 
adaptation  of  odd  surfaces.  Where  odd  surface 
shape  was  not  a  factor,  there  was  no  real  need 
for  the  original  high  block,  and  consequently, 
the  material  was  cut  down  to  a  disc. 

In  mounting  a  typical  accelerometer  having 
a  hexagonal  base,  with  a  circular  boss,  the 
question  arose  whether  there  would  be  a  varia¬ 
tion  in  performance  between  mounting  it  on  an 
insulating  disc  having  the  diameter  of  the  boss, 
and  mounting  it  on  one  having  the  diameter  of 
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Fig.  7  -  Response  of  accelerometer  mounted 
by  means  of  a  permanent-magnet  clamp 


the  hex  extremes  (with  a  cement  filler  surrounding 
the  boss). 

G- 11  Fiberglas  discs  of  two  diameters  were 
cut,  in  several  thicknesses.  The  various  responses 
obtained  are  shown,  compared  with  the  response  of 
the  accelerometer  mounted  solid,  in  Fig.  8.  From 
these  curves,  it  may  be  seen  that  a  thinner  disc  of 
large  contact  area  produces  a  curve  closer  to  the 


reference  curve.  It  should  be  kept  in  mind  that 
this  result  represents  a  specific  situation;  that 
is,  an  accelerometer  of  a  specific  construction, 
mode  of  operation,  weight,  and  interface  area; 
and  a  specific  disc  material.  Accelerometers 
which  are  sensitive  to  base  deformation,  cross - 
motion,  or  other  special  conditions  at  the  inter¬ 
face  (such  as  was  found  with  some  subminiature 
compression  types)  will  respond  differently. 
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RESPONSE  VS  DISC 
THICKNESS 
(UNITS  IN  INCHES) 


MATERIAL 

FIBERGLAS  G-|l 
DIAMETER 
0.750  INCH 
ACCELEROMETER 
ENDEVCO  22I3C 
VIBRATION  LEVEL  5g  PEAK 

_ NO  SPACER 
(REFERENCE) 


RESPONSE  VS  DISC 
DIAMETER 
(UNITS  IN  INCHES) 

MATERIAL 

FIBERGLAS  G -II 
THICKNESS 
0.010  INCH 
ACCELEROMETER 
ENDEVCO  221 3C 
VIBRATION  LEVEL1  5g  PEAK 
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Fig.  8  -  Effect  of  insulating-spacer  geometry  on 
accelerometer  response 
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Of  the  cements  tried  (e.g.,  epoxies,  dental 
cements),  the  best  compromise  was  found  in 
Eastman  910,  but  extreme  care  had  to  be  exer¬ 
cised  to  establish  a  reliable  adhesion.  The  use 
of  cement  brought  a  host  of  new  problems  hing¬ 
ing  mainly  on  the  practical,  everyday  enforce¬ 
ment  of  specified  cementing  routines,  such  as 
preparation  and  cleaning  of  surfaces,  quality 
and  quantity  of  cement,  and  hardware.  Enforce¬ 
ment  of  gentle  removal  techniques  also  proved 
to  be  quite  an  administrative  problem,  and  de¬ 
viations  from  specified  after-test  cleaning 
methods  of  accelerometers  still  cause  occa¬ 
sional  thunder.  Only  chemical  cleaning  is  per¬ 
mitted,  and  short  of  hot  water,  the  only  practical 
solvent  so  far  known  is  dimethyl  formamide, 
sold  under  trade  names  such  as  Gage  Stripper. 
The  precautions  required  in  handling  this  chem¬ 
ical  and  the  unpleasant  odor  involved,  however, 
make  it  somewhat  less  than  satisfactory  for  the 
purpose  at  hand. 

Cemented  accelerometers  with  hexagonal 
bases  are  removed  readily  by  means  of  a  suit¬ 
able  wrench  that  grips  the  base  tightly,  but  with 
toroidal  units,  removal  can  become  a  problem 
unless  the  insulating  disc  is  made  with  flats. 
Another  difficulty  with  cemented  assemblies 
of  this  form  is  their  deceptively  sturdy  ap¬ 
pearance.  After  a  multitude  of  mounting  and 


frequency-surveys  under  seemingly  identical 
conditions  (same  bottle  of  cement,  same  opera¬ 
tor  and  ambient  conditions,  same  disc  material 
and  geometry,  and  identical  accelerometer),  it 
was  found  that  the  strength  of  a  cemented  mount¬ 
ing  cannot  necessarily  be  judged  by  hand  pres¬ 
sure.  The  curves  shown  in  Fig.  9  were  made 
with  such  "sturdy*'  assemblies;  the  distortions 
were  traced  in  every  case  to  deficiencies  in 
interface  bond  uniformity,  such  as  incomplete 
area  coverage  caused  by  air  bubbles  in  the  ce¬ 
ment  layer.  Since  most  of  the  time  after  the 
assembly  is  cemented  in  place  a  calibration  by 
vibration  cannot  be  done,  the  actual  quality  of 
the  mounting  cannot  be  verified.  Its  adequacy 
must  be  ensured  by  careful  mounting  techniques. 

There  are  now  three  separate  layers  of 
dissimilar  materials  between  test  surface  and 
accelerometer  (cement-disc -cement),  each  with 
its  own  mechanical  properties  (mass  and  spring 
constant)  and  each  able  to  distort  the  vibration 
environment  to  be  transmitted  to  the  accelero¬ 
meter.  Any  decrease  in  the  number  of  layers 
would  mean  an  improvement  all  by  itself. '  Since 
all  that  a  disc  does  is  to  act  as  a  spacer  for 
electrical  separation,  and  Eastman  910  cement 
is  a  good  insulator  when  cured,  then  the  disc 
could  be  omitted  entirely,  were  it  not  for  the 
uncei  ainty  of  the  degree  of  separation.  A  strong 


Fig.  9  -  Effect  of  "Rocking"  due  to  faulty  cement 
bond  on  accelerometer  response 
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person  could  apply  more  pressure  during  mount¬ 
ing  and  cut  through  the  cement  layer.  The  mini¬ 
mum  amount  of  spacing  material,  just  enough  to 
prevent  short  circuits,  should  suffice.  With  this 
in  mind,  very  porous  (tissue)  paper  was  fully 
impregnated  with  cement  and  used  as  a  spacer. 
The  resulting  accelerometer  response  was  that 
shown  in  the  curves  taken  with  ceramic -stud 
mounting  in  Fig.  6.  A  word  of  caution:  It  is  not 
sufficient  to  apply  cement  to  the  paper  on  one 
side  alone  because  the  paper,  acting  as  a  me¬ 
chanical  filter,  separates  some  components  of 
the  cement,  and  the  result  is  a  poor  bond. 

Using  proper  care,  one  may  obtain  excellent 
mechanical  coupling  and  electrical  insulation  by 
this  method.  The  disadvantage  is  mainly  in  the 
difficulty  of  removing  the  spacing  material  after 
a  test. 

In  general,  disadvantages  of  cementing  are 
reliance  on  an  individual's  quality  of  workman¬ 
ship,  dependence  on  Standards -Laboratory  cali¬ 
bration,  and  the  required  freedom  from  trans¬ 
verse  waves  over  the  area  of  contact.  Flexing 
of  the  mounting  surface  can  break  the  bond 
readily  because  of  lower  strength  in  shear. 
Therefore,  cementing  of  control  (servo)  accel¬ 
erometers  is  not  permitted  at  the  RCA  Space 
Center.  There  are  numerous  applications,  how¬ 
ever,  where  it  is  the  only  method  that  can  be 
used. 

To  provide  easy  removal  or  relocation  of 
accelerometers,  which  is  a  simultaneous  but 


opposite  requirement  to  strength  or  mounting, 
the  application  of  pressure -sensitive  tapes  and 
films  (so-called  transfer  types)  without  back¬ 
ings  was  considered  (such  as  Permacel  Types 
P94,  6399,  and  ED4551,  and  "3M"  Types  466, 
Y-400,  and  666).  Some  results  of  tape  mounting 
are  shown  in  Fig.  10.  For  a  while  the  use  of 
prefabricated  tacky  discs,  dispensed  from  rolls 
of  backing  material,  was  envisioned.  But  then 
the  dependence  of  these  discs  on  application 
pressure  (sponge  factor),  temperature,  and 
surface  adaptability,  as  well  as  low  shear 
strength,  cold  flow,  and  other  disadvantages 
were  established,  and  while  in  certain  isolated 
and  controlled  cases  tapes  could  be  tolerated, 
the  need  for  close  continuous  surveillance  ruled 
them  out  as  a  general  method. 

If  we  enlarge  the  meaning  of  "mounting 
method"  to  include  choice  of  location  (where 
such  a  choice  exists),  the  output  of  an  accelero¬ 
meter  can  be  greatly  affected  by  some  specific 
conditions  present  at  one  mounting  location  and 
not  at  another. 

The  previously  described  insulating  elec¬ 
trical  barrier  often  doubles  as  a  thermal  bar¬ 
rier  by  delaying  sufficiently  an  unavoidable  rise 
in  surface  temperature  to  permit  completion  of 
the  test.  There  is  also,  however,  a  different 
type  of  temperature  sensitivity  associated  with 
some  particular  models;  this  causes  new  prob¬ 
lems  and  is  not  as  well  known.  Some  accelero¬ 
meters  have  been  found  to  exhibit  a  rather  pro  - 
nounced  high  sensitivity  of  rate-of-change  of 


FREQUENCY (CPS) 


Fig.  10  -  Effect  of  double-faced  adhesive  tape 
mounting  on  accelerometer  response 
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temperature,  or  pyroelectric  effect,  which  is 
not  to  be  confused  with  ordinary  ambient  tem¬ 
perature  effect.  If  during  a  test,  an  accelero¬ 
meter  is  suddenly  cooled  due  to  the  flow  of  liq¬ 
uid  nitrogen  in  a  nearby  control  line,  or  if  it  is 
suddenly  heated  by  the  blast  of  hot  air  from  a 
rocket-engine  firing,  or  even  if  the  draft  from 
an  opened  door  sweeps  over  the  accelerometer, 
a  rather  violent  reaction  may  occur  in  the  re¬ 
sponse.  In  some  models,  dc-shifts  of  high  mag¬ 
nitude  occur;  these  seem  to  be  a  function  of  the 
rate-of-change  of  temperature  and  the  time 
constant  (leakage  resistance)  of  the  particular 
instrumentation  channel.  The  dc-shifts  may 
over -drive  the  associated  amplifier  and,  if  part 
of  the  instrumentation  involves  work  with  filters 
(as  double -integration  of  acceleration  signals  to 
obtain  displacement  data),  the  results  can  be 
disastrous.  What  happens  when  an  accelero¬ 
meter  vibrating  at  0.3  g  at  235  cps  was  exposed 
to  an  illuminated  60 -watt  lamp  passing  over  it 
at  a  distance  of  4  feet  is  shown  in  Fig.  11.  Trace 
(a)  shows  the  acceleration  signal,  (b)  the  same 
once  integrated,  and  (c)  the  same  integrated 
twice  by  an  Unholtz- Dickie  Dial-a  Gain  ampli¬ 
fier  Model  610RM3. 

At  low  frequencies,  with  associated  higher 
amplitudes,  accelerometer  cable -termination 
and  routing  can  become  important  for  some  ac¬ 
celerometer  models.  While  it  is  difficult  to 


specify  a  uniform  method,  terminations  such  as 
those  shown  in  Fig.  12  are  not  permitted  at  the 
RCA  Space  Center,  regardless  of  model;  a  rule 
of  thumb  is  to  let  the  cable  take  its  own  natural 
straight-line  position,  as  long  as  its  weight  does 
not  become  excessive.  Some  results  with  one 
case-sensitive  accelerometer  with  different  cable 
routing  are  shown  in  Fig.  13.  The  effect  of  cable 
routing  on  shear -type  accelerometer  was  less 
pronounced  than  it  was  on  the  other  types  tested. 

A  condition  not  related  to  cable  routing,  but 
which  can  degrade  a  response  curve,  is  shown 
by  accelerometer  "E".  The  contact- surface  gap 
(exaggerated  in  the  photo)  is  caused  by  foreign 
material  in  the  mounting  hole,  inside  the  accel¬ 
erometer  preventing  proper  seating  of  the  stud. 

Jerking  of  the  cable,  or  other  application  of 
sudden  stress,  creates  substantial  spurious  sig¬ 
nals  in  some  cables.  The  output  response  of  an 
accelerometer  which  was  swept  for  magnitude 
comparison  at  1  g  is  shown  in  Fig.  14.  Point 
”1”  on  the  curve  shows  the  effect  of  hitting  the 
floor  with  a  4-foot  length  of  cable,  folded  four 
times.  A  1-foot  length,  slightly  and  slowly 
stressed  and  then  suddenly  released,  produced 
the  spike  at  point  M2".  A  1-foot  length  was 
jerked  to  produce  the  spike  at  point  "3".  A  wide 
difference  in  sensitivity  to  such  shocks  was 
found  among  different  cable  models. 


Fig.  11  -  Chart  recordings  showing  pyroelectric  effect  on  accelerometer 
caused  by  sudden  proximity  of  a  60-watt  lamp 
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Fig.  12  -  Unacceptable  cable  routings 
from  accelerometer 


Fig,  13  -  Effect  of  cable  routing  on 
accelerometer  response 


Fig.  14  -  Accelerometer-response  transients 
caused  by  sudden  stressing  of  connecting  cable 
(superimposed  on  a  1-g  peak  sweep) 
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FIELD:  25  GAUSS 
ORDINATE:  2g/CM 
ABSCISSA:  0.5  SEC/CM 


Finally,  there  are  instances  where  accel¬ 
erometers  have  to  work  in  strong  magnetic 
fields;  for  example,  an  input  accelerometer  near 
the  junction  of  shaker  armature  and  slip-plate 
might  be  exposed  to  a  very  strong  magnetic  en¬ 
vironment  created  by  the  shaker  field  supply. 
Obviously,  if  this  accelerometer  is  used  for 
control,  insensitivity  to  magnetic  interference 
is  of  utmost  importance.  This  interference 
might  develop  at  two  points;  one,  the  accelero  - 
meter  itself  and  the  other,  the  accelerometer  cable. 

The  center  conductor  of  most  cables  is 
paramagnetic.  Auxiliary  cable  vibrations, 
which  has  interfered,  in  some  instances,  with 
case-sensitive  accelerometers  was  caused  by 
ac  magnetic  fields. 

Certain  accelerometers  used  by  the  RCA 
Space  Center  were  found  to  be  paramagnetic; 


Fig.  15  -  Influence  of  magnetic  field  (from 
shaker)  on  original  (paramagnetic)  model 
and  modified  (non-magnetic)  model  of  an 
accelerometer 


the  manufacturers  concerned  are  replacing 
these  with  great  enthusiasm  as  it  is  brought  to 
their  attention.  The  difference  between  a  par¬ 
ticular  model  and  its  improved  version,  under 
identical  conditions  is  shown  in  Fig.  15.  The 
accelerometers  were  free-hanging  without  vi¬ 
bration  near  the  mounting  surface  of  a  CIO 
shaker  with  the  field  supply  turned  on  and 
then  shut  off.  A  field  strength  of  25  gauss 
at  that  point  was  measured  in  line  with  the  sen¬ 
sitive  axis  of  the  accelerometer.  Clearly,  the 
cure  here  is  to  use  the  right  transducer 
model. 

It  is  felt  that  some  gains  have  been  made 
by  this  investigation.  It  has  emphasized  even 
more  the  engineer’s  need  to  know  his  accelero¬ 
meter;  it  also  has  clearly  shown  that  the  user 
can  make  serious  mistakes  by  unknowingly  add¬ 
ing  variables  of  his  own. 
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DISCUSSION 


Mr.  Krause  (Jennings  Radio):  Did  you  use 
just  one  brand  of  cable  or  did  you  try  other 
brands  ? 

Mr.  Mangolds:  We  tried  several  brands. 

Mr.  Fry  (U.  S.  Army  Waterways  Experi¬ 
ment  Station):  Have  you  any  information  rela- 
tive  to  three  accelerometers  mounted  in  a  box 
rather  than  on  a  block?  In  other  words,  one 
on  the  bottom,  one  on  the  side,  and  one  on  an 
end. 


Mr.  Mangolds:  No. 

Mr.  Buist  (Autonetics):  We  use  Eastman 
910  quite  a  bit,  and  many  of  the  accelerometers 
are  damaged  in  trying  to  get  this  cement  off. 

You  mentioned  something  about  a  solvent  -  -  - . 

Mr.  Mangolds:  Yes,  the  chemical  name  is 
N,N-dimethylformamide,  but  the  same  thing  is 
available  commercially  under  several  trade 
names.  One  of  them  is  Gage  Stripper.  We  found 
this  in  connection  with  using  the  same  type  of 
cement  on  a  strain  gage. 

* 
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SURFACE  FINISH  EFFECTS  ON 
VIBRATION  TRANSDUCER  RESPONSE 


R.  W.  Miller 

U.  S.  Navy  Marine  Engineering  Laboratory 


An  investigation  is  described  to  determine  the  effects  of  applied  torque, 
surface  finish,  and  surface  flatness  of  transducers  and  mounting  bases 
on  vibration  transducer  sensitivity. 


In  recent  years,  the  requirements  for  mak¬ 
ing  structure -borne  noise  measurements  in  the 
higher  frequency  range  have  been  increasing. 

As  a  result  of  these  increased  requirements 
we  have  had  to  take  a  closer  look  at  some  of  the 
parameters  affecting  vibration  measurements 
in  the  higher  frequency  range.  One  of  our  re¬ 
cent  investigations  was  concerned  with  the  ef¬ 
fects  of  "surface  finish"  on  the  vibration  trans¬ 
ducer  response.  During  the  course  of  the 
investigation  we  were  also  able  to  observe  the 
effect  of  surface  flatness  as  well  as  the  torque 
applied  in  attaching  the  transducer. 

In  order  to  determine  the  changes  in  trans¬ 
ducer  sensitivities  that  could  exist  under  various 
mounting  conditions  and  to  reduce  the  experi¬ 
mental  error  of  the  investigation,  the  interferom¬ 
eter  method  of  vibration  calibration  was  selected 
for  this  study.  The  overall  error  of  this  cali¬ 
bration  method  is  estimated  to  be  between  2 
and  3  percent.  The  investigation  covered  the 
frequency  range  from  200  to  15,000  cps.  All 
calibrations  were  performed  on  Massa,  Type 
198  accelerometers  attached  to  a  National 
Bureau  of  Standards  type  high  frequency  vibra¬ 
tion  shaker,  Fig.  1.  Vibration  displacement 
measurements  were  determined  by  the  fringe 
disappearance  method  in  conjunction  with  a 
Fizeau-type  interferometer. 

Since  the  vibration  shaker  used  for  this 
investigation  is  equipped  with  a  removable  head 
that  can  be  replaced  by  similar  heads,  it  pro¬ 
vided  a  convenient  means  for  making  studies  of 
surface  finish  and  surface  flatness.  Figure  2 
shows  how  the  head  is  fitted  to  the  shaker  by 
the  use  of  spanner  wrenches. 

To  determine  the  effect  of  surface  finish  on 
the  transducer  sensitivity,  five  shaker  heads 


were  manufactured,  each  having  a  different 
surface  finish  as  measured  in  micro-inches 
rms.  The  surface  finishes  for  the  five  heads 
ranged  from  9  to  230  microinches  as  shown  by 
the  numbers  at  the  top  of  Fig.  3.  The  flatness 
(crown  height)  of  the  five  heads  ranged  from  78 
to  177  microinches  as  shown  by  the  numbers  at 
the  bottom  of  Fig.  3.  Figure  4  shows  the  Massa 
accelerometer,  Type  198,  ready  to  be  torqued 
to  the  shaker  head. 

The  base  of  the  accelerometer  used  in  con¬ 
junction  with  the  surface  finish  study  was  found 
to  have  a  surface  finish  of  9  microinches  rms 
and  a  crown  height  of  57  microinches  rms.  A 
torque  wrench  was  used  as  shown  to  measure 
the  amount  of  torque  applied  in  attaching  the 
accelerometer.  The  same  Massa  accelero¬ 
meter  was  attached,  in  turn,  to  each  of  the  five 
shaker  heads  and  calibrated  over  a  frequency 
range  of  200  to  15,000  cps.  The  mounting  con¬ 
ditions  (10  and  30  lb-in.  torque,  with  and  with¬ 
out  silicone  grease)  allowed  us  to  study  the 
effect  of  torque  and  grease  in  conjunction  with 
the  various  surface  finishes. 

To  provide  an  ideal  mounting  surface  to 
serve  as  a  standard  condition  or  criterion,  an 
additional  shaker  head  was  lapped  to  a  "perfect 
finish,"  Fig.  5.  This  surface  was  found  to  be 
flat,  within  one  interference  fringe,  as  deter¬ 
mined  by  an  optical  flat  and  monochromatic 
light.  For  use  with  this  "perfect  surface" 
another  Massa  accelerometer,  Type  198,  was 
lapped  so  that  it  could  be  "wrung"  to  the  shaker 
head  and  held  in  place  only  by  the  molecular 
attraction  of  the  Johannson  surfaces  while 
being  calibrated. 

All  results  of  the  investigation  were  pre¬ 
sented  in  the  form  of  transducer  calibration 
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Fig.  1  -  Mass  a  accelerometer  type  198  attached  to 
an  NBS-type  high-frequency  vibration  shaker 


curves,  Fig.  6,  which  were  presented  in  terms 
of  acceleration  versus  frequency.  This  is  a 
typical  curve  showing  the  sensitivity  of  the 
pickup  under  three  different  mounting  condi¬ 
tions,  when  no  grease  is  used  between  the  pickup 
and  the  mounting  surface.  Curve  1  represents 
the  transducer  response  under  the  ideal  mount¬ 
ing  condition,  that  is,  when  attached  to  the  sur¬ 
face  having  the  ’’perfect”  finish.  Curve  2  rep¬ 
resents  the  transducer  response  when  attached 
to  a  surface  having  a  150 -micro inch  finish. 
Curve  3  represents  the  response  of  the  trans¬ 
ducer  when  attached  to  a  surface  having  a 
9-microinch  finish. 

Notice  that  the  position  of  the  curves  2  and 
3  appear  to  be  reversed.  Normally,  we  would 
expect  the  response  of  the  transducer,  when 
mounted  on  a  9 -microinch  finish,  to  more 
closely  approximate  the  ideal  condition  (curve  1) 
than  when  it  is  mounted  on  the  coarser  150- 
microinch  finish.  This  inconsistency  as  shown 
by  curves  2  and  3  suggests  that  another  variable 
is  exerting  considerable  influence  on  the 


transducer  response.  The  inconsistencies  shown 
in  the  calibration  curves,  Fig.  6,  are  best  demon¬ 
strated  in  Table  1  which  gives  the  transducer  sen¬ 
sitivity  at  8000  cps  under  the  various  mounting 
conditions.  The  sensitivities  obtained  with  the 
various  surface  finishes  may  be  compared  to  the 
sensitivity  produced  by  the  ideal  or  standard  sur  - 
face  shown  at  the  bottom  of  Table  1. 

By  using  the  results  from  the  ’’perfect  sur¬ 
face  finish”  as  a  criterion,  it  can  be  seen  that 
the  surface  finishes  that  produce  the  best  re¬ 
sults  assume  the  following  arrangement:  150, 

63, 35, 9,  and  230  microinches.  The  answer  to  this 
inconsistency  is  found  in  the  column  to  the  ex¬ 
treme  right.  Flatness  measurements  disclosed 
that  the  five  shaker  heads  were  convex  at  the 
center.  The  crown  height,  given  in  microinches 
rms,  ranged  from  78  to  177.  Note  that  the  sur¬ 
faces  having  the  63-microinch  finish  and  the  150- 
microinch  finish  produced  the  lowest  sensitivity 
or  the  sensitivity  most  closely  approximating 
the  standard  sensitivity  given  at  the  bottom  of 
Table  1. 
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Fig.  3  -  Shaker  heads  of  varying  surface 
finishes  and  crown  heights 


Looking  at  the  crown  height  of  these  two 
surfaces,  as  shown  in  the  column  to  the  extreme 
right,  we  find  that  these  two  shaker  heads  have 
crown  heights  of  88  and  78  microinches,  re¬ 
spectively,  or  the  flattest  surfaces  of  the  group. 
These  measurements  indicate  that  crown  heights 
as  little  as  78  microinches  rms  are  more  sig¬ 
nificant  than  the  150-microinch  surface  irregu¬ 
larities. 


Further  verification  of  the  relationship  of 
crown  height  to  the  calibration  sensitivity  is 
found  in  the  numbers  shown  at  the  top  of  Table  1. 
When  mounted  on  a  relatively  smooth  surface 
having  a  9 -microinch  finish,  the  sensitivity  of 
the  transducer  rises  to  114.5  x  10-6.  This 
error  of  approximately  30  percent  in  the  cali¬ 
bration  sensitivity  is  attributed  to  the  extreme 
crown  height  of  this  particular  mounting  surface 
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TABLE  1 

Transducer  Response  (Without  Grease) 


Torque 

(lb-in.) 

Finish 

Microinches 

(rms) 

Sensitivity  of  Accelerometer 
at  8000  cps 

(volts  rms/cm  peak/sec2) 

Crown  Height 
(Microinches  rms) 

9 

114.5 

X 

10- 6 

177 

35 

105.5 

X 

io- 6 

164 

10 

63 

97 

X 

io- 6 

88 

150 

97 

X 

10* 6 

78 

230 

118 

X 

io- 6 

106 

9 

105.5 

j  x 

io- 6 

17? 

35 

96 

X 

io- 6 

164 

30 

63 

89 

X 

io- 6 

88 

150 

86 

X 

io- 6 

78 

230 

95 

X 

io- 6 

106 

Standard  Surface  85  x  10- 6 

Fig.  4  -  Massa  accelerometer  type  198 
ready  to  be  torqued  to  shaker  head 


which  is  177  microinches  rms,  as  shown  in  the 
column  to  the  right. 

At  the  bottom  of  Table  1,  one  may  observe 
a  change  in  the  transducer  sensitivity  due  to 
increased  torque.  Increasing  the  torque  to  30 


Fig.  5  -  Shaker  head  with  "perfect  finish 
surface"  and  Massa  accelerometer  type  198 


lb -in.  had  the  effect  of  flattening  the  crown, 
thereby  producing  a  more  intimate  contact  be¬ 
tween  the  transducer  and  the  calibrator  head. 
The  sensitivities  obtained  under  the  30-lb-in. 
torque  condition  are  considerably  lower  in  value 
and  are  approaching  the  sensitivity  obtained 
under  the  ideal  mounting  condition. 

In  addition  to  the  study  of  the  effects  of  surface 
finish,  surface  flatness,  and  applied  torque,  the 
effect  of  a  silicone  grease  bond  between  the  pickup 
and  the  mounting  surface  was  also  studied.  Table  2 
shows  the  transducer  response  at  the  8000-cycle 
point  when  grease  is  used  between  the  base  of  the 
accelerometer  and  the  mounting  surface.  Notice 
that  surface  finish,  crown  height,  and  torque  have 
no  noticeable  effect  on  the  transducer  calibration 
sensitivity  when  grease  is  used  between  the  accel¬ 
erometer  base  and  the  calibrator  head. 
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Fig.  6  -  Transducer  response  at  10  lb-in. 
torque  with  no  grease 


TABLE  2 

Transducer  Response  (With  Grease) 


Crown  Height 
{microinches  rms) 

Sensitivity  of  Accelerometer 
at  8000  cps 

(volts  rms/cm  peak/sec2) 

9 

177 

83  x  Hr6 

35 

164 

81  x  io-6 

10 

63 

88 

83  x  10-6 

150 

78 

86  x  10-6 

230 

106 

86  x  10-6 

9 

177 

85  x  IO'6 

35 

164 

84  x  IO'6 

30 

63 

88 

83  x  10- 6 

150 

78 

84  x  10- 6 

230 

106 

86  x  10-6 

Standard  Surface  85  x  10' 6 

In  summary,  vibration  measurements  per¬ 
formed  on  surfaces  other  than  perfect  and 
without  grease  are  affected  by  surface  finish, 
surface  flatness,  and  torque.  As  a  result  of 
this  study  we  are  recommending  that  trans¬ 
ducer  mounting  surfaces  be  kept  within  the 
limits  of  230  microinches  rms  surface  finish 
and  177  microinches  rms  surface  flatness  and 
that  a  lubricant  be  used  between  the  transducer 


and  the  mounting  surface  regardless  of  the  high 
degree  of  surface  finish.  This  is  not  to  infer 
that  a  perfect  mounting  surface  and  the  use  of  a 
lubricant  will  solve  all  of  the  problems  involved 
in  high  frequency  vibration  measurements.  Con¬ 
trolling  the  surface  mounting  conditions  as  dem¬ 
onstrated,  however,  will  result  in  more  valid  and 
more  repeatable  data. 


17 


DISCUSSION 


Mr.  Ramboz  (Bureau  ol  Naval  Weapons); 
Can  these  tests  be  applied  to  all  piezo -electric 
accelerometers  in  general,  or  only  to  the  Massa 
accelerometers? 

Mr.  Miller:  That  would  be  a  little  hard  to 
say.  We  only  tried  the  Massa  accelerometer 

* 


Type  198.  As  you  know  this  has  a  lower  reso¬ 
nance  than  some  accelerometers. 

Mr.  Ramboz:  What  material  was  the  shaker 
head  made  of?  Was  this  an  aluminum  head? 

Mr.  Miller:  The  calibrator  head  was  made 
of  steel. 

* 
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CALIBRATION  OF  WATER  COOLED 
HIGH  TEMPERATURE  ACCELEROMETERS 


W.  R.  Taylor  and  C.  D.  Robbins 
LTV  Military  Electronics  Division 
Dallas,  Texas 


This  paper  presents  a  specific  method  for  calibrating  a  water-cooled 
high-temperature  accelerometer.  Topics  discussed  include  heating 
device,  fixture  design,  cooling  requirements,  instrumentation,  and 
results  obtained. 


INTRODUCTION 

In  conducting  environmental  vibration  tests 
combined  with  temperatures  to  3600°  F,  it  was 
required  to  use  water-cooled  accelerometers  to 
monitor  and  control  the  acceleration  on  surfaces 
whose  temperature  exceeded  the  limits  of  ordi¬ 
nary  accelerometers.  Preceeding  the  test,  cali¬ 
brations  were  made  on  each  accelerometer  at 
temperatures  ranging  from  ambient  to  1850° F. 
This  paper  presents  the  methods  and  results  of 
the  calibration  for  Endevco  Model  2206 
accelerometers. 


FIXTURE  DESIGN 

A  special  fixture  was  required  to  provide  a 
back-to-back  calibration,  allow  heating  of  the 
accelerometers  being  calibrated,  and  maintain 
approximate  laboratory  ambient  temperatures 
at  the  standard  accelerometer  location  and  on 
the  vibration  exciter.  A  cross  sectional  view 
of  the  fixture  setup  is  shown  in  Fig.  1.  The 
fixture  was  fabricated  from  300- series  stain¬ 
less  steel  because  of  its  magnetic,  electrical, 
and  thermal  conductivity  characteristics.  The 
3.5-inch  diameter  by  6- inch  high  column,  shown 
in  Fig.  1  in  the  center  of  a  2  x  13.5  x  13.5-inch 
base  plate,  was  welded  in  place  at  the  base  and 
drilled  and  tapped  on  the  top  for  two  model  2206 
accelerometers  to  be  calibrated.  A  2-inch 
diameter  cavity  was  created  in  the  center  of  the 
base  plate  to  allow  additional  welding  of  the 
center  column  and  to  provide  a  cooling  cavity 
for  the  standard  accelerometer.  The  pipe 
through  the  cavity  was  threaded  into  the  column. 
A  slug  was  welded  in  the  pipe  near  the  column 
base  to  mount  the  standard  accelerometer.  A 


washer  type  cap  was  placed  over  the  pipe  and 
welded  on  the  inside  to  the  pipe  and  on  the  out¬ 
side  to  the  fixture  base  to  make  a  watertight 
seal.  A  groove  was  cut  along  the  base  of  the 
fixture  for  the  standard  accelerometer  cable. 
To  protect  the  vibration  exciter  and  standard 
accelerometer  from  excessive  heat,  water  was 
circulated  through  four  holes  drilled  through 
the  fixture  base.  Two  of  the  four  holes  opened 
into  the  center  cavity  of  the  fixture.  Two  sur¬ 
faces  of  the  fixture  were  machined  to  a  flat, 
smooth  surface  for  mounting  of  the  fixture  to 
the  vibration  exciter  and  for  mounting  of  the 
2206  accelerometers. 


INDUCTION  HEATER  DESIGN 

To  heat  the  fixture,  an  induction  coil  was 
fabricated  and  placed  around  the  fixture.  The 
coil  was  designed  to  the  basic  requirements  for 
induction  heating  at  3000  cps  with  current- 
carrying  capabilities  as  the  prime  objective. 
Since  power  amplifiers  were  available  for 
3 000- cps  frequency  operation  with  a  surplus  of 
power  available,  coil  design  was  not  critical. 
The  coil  was  shaped  on  a  wooden  form  so  that 
the  clearance  between  the  coil  and  fixture  was 
approximately  0.25  inch.  Twelve  turns  of 
1/4-inch  copper  tubing  provided  sufficient  in¬ 
duced  current  in  the  fixture  to  generate  the  de¬ 
sired  heating. 


INDUCTION  SYSTEM 

With  the  exception  of  the  induction  heater 
coil,  all  components  necessary  to  formulate  an 
electrical  induction  heating  system  were 
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available  in  the  Test  Laboratories.1  A  sche¬ 
matic  of  the  electrical  system  is  shown  in  Fig. 
2.  In  order  to  match  the  heater  coil  impedance 
more  closely  with  the  power  amplifier  output 
impedance,  a  multi-tapped  auto-transformer 
was  used.  Several  heavy  duty  3-kc  capacitors 
were  connected  parallel  to  the  heater  coil  to 
tune  the  circuit  for  resonance.  The  impedance 
of  the  heater  coil  was  extremely  low;  there¬ 
fore,  it  was  necessary  to  parallel  two  pairs  of 
2/0  cables  betweenthe  coil  and  auto-transformer 
to  reduce  the  I^R  losses  in  the  cables. 


SYSTEM  COOLING 

A  schematic  of  the  complete  water -cooling 
system  is  shown  in  Fig.  3.  The  heating  coil 
was  fabricated  from  copper  tubing  to  allow 
water  cooling.  Water  was  circulated  through 


1C.  D.  Robbins ,  "Combining  Induction  Heaters 
with  Existing  Environmental  Facilities  to  Con¬ 
duct  Tests  at  Re-entry  Temperatures,"  Shock, 
Vi b r atio n  and  As  s oc i ated  Envi ronment  s  Bull eti n 
No.  33  Pt.  Ill  (Dec.  1963)  p.  141. 


the  coil  from  a  commercial  pressure  source 
with  flow  controlled  by  a  needle  valve.  Water 
connections  to  the  coil  were  made  with  approxi¬ 
mately  10  feet  of  rubber  hose  on  each  side  of 
the  coil  to  isolate  the  plumbing  ground  from  the 
electrical  power  source.  Figure  2  shows  the 
points  where  the  electrical  connections  were 
made  to  the  coil.  The  electrical  resistance  of 
the  water  through  the  rubber  hose  to  ground 
was  high  compared  to  the  impedance  of  the  coil. 
The  shunt  resistance  across  the  coil  established 
by  the  water  in  the  hose  was  negligible. 

In  addition  to  the  coil,  water-cooling  was 
provided  for  the  matching  auto -transformer  and 
tuning  capacitors.  Since  these  items  were  com¬ 
mercially  designed  for  high  power  operation, 
they  included  built-in  cooling  systems. 

A  special  independent  cooling  system  was 
assembled  to  maintain  constant  water  pressure 
and  flow  in  the  2206  accelerometers  being  cali¬ 
brated.  The  system  consisted  of  a  constant- 
speed  electric  pump,  a  water  reservoir,  gages, 
filter,  needle  valves,  flex  lines,  tubing,  and 
fittings.  The  reservoir  eliminated  commercial 
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Fig.  2  -  Electrical  power  system 


Fig.  3  -  Water-cooling  system 


water-line  pressure  surges  and  acted  as  a  heat 
exchanger.  The  system  provided  up  to  1000  cc 
per  minute  waterflow  at  60-  to  90-psi  pressure 
for  each  accelerometer.  Water  connections 
were  made  to  each  accelerometer  through  two 
-3  steel  flex  lines. 


TEST  TECHNIQUE 

Prior  to  actual  accelerometer  calibration, 
all  systems  were  setup  to  simulate  actual  test 
conditions.  The  fixture  was  heated  to  establish 
temperature  conditions  and  rise  time.  Waterflows 
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were  adjusted  to  give  maximum  cooling.  Flow 
versus  pressure  was  determined  for  each  2206 
accelerometer.  The  electrical  system  was  ad¬ 
justed  to  give  as  little  reflected  power  as  possi¬ 
ble  to  provide  maximum  heating  efficiency. 

After  preliminary  checkouts  were  complete, 
two  2206  accelerometers  were  installed  on  the 
fixture.  Whytekote  505  lubricant  was  used  to 
prevent  thread  galling  during  accelerometer 
removal.  The  standard  accelerometer,  Endevco 
Model  2226,  and  each  2206  accelerometer  had 
laboratory  ambient  calibration  certification 
traceable  to  the  National  Bureau  of  Standards. 
The  standard  accelerometer  was  installed  on 
the  slug  in  the  bottom  of  the  fixture  and  the 
cable  brought  out  through  the  groove  provided. 

A  hood  was  located  over  the  2206  accelerometers 
to  control  the  ambient  temperature.  The  fixture 
was  then  excited  on  a  C-25  shaker  powered  with 
a  Ling  Model  PP20/20  amplifier.  A  pictorial 
view  of  the  calibration  setup  is  shown  in  Figs.  4 
and  5.  Vibration  was  applied  at  2,  5,  and  10  g 
under  servo  control  with  the  standard  accelerom¬ 
eter  as  control  feedback.  The  output  of  each  of  the 
three  accelerometers  was  recorded  on  adjacent 
channels  of  a  Sanborn  oscillograph  recorder. 

The  temperature  of  the  fixture  at  the  base  of  the 
2206  accelerometer  was  increased  from  labora¬ 
tory  ambient  to  1850°  F  in  increments  of  approxi¬ 
mately  250° F.  At  each  temperature  increment, 


vibration  was  applied  at  2,  5,  and  10  g  with  the 
frequency  swept  from  50  to  2000  cps  in  approxi¬ 
mately  2  minutes.  The  induction  heater  coil 
was  de-energized  during  vibration  because  the 
stray  field  from  the  coil  was  picked  up  by  the 
accelerometer  cables.  Had  it  been  necessary 
to  maintain  a  constant  temperature  during  vibra¬ 
tion,  a  shield  could  have  been  built  to  isolate 
the  cables  from  the  coil  field.  At  the  lower 
temperature,  the  rate  of  temperature  drop  was 
only  a  few  degrees  in  2  minutes.  At  the  higher 
temperatures,  the  rate  was  approximately 
100° F  in  2  minutes. 

With  full  power  applied  and  no  interruptions, 
it  took  approximately  25  minutes  to  heat  the 
fixture  column  from  laboratory  ambient  to 
1850°F.  With  the  coil  de-energized,  it  took  ap¬ 
proximately  1  hour  for  the  fixture  column  tem¬ 
perature  to  decrease  from  1850°F  to  250°F. 
System  cooling  water  was  on  at  all  times  but, 
due  to  low  thermal  conductivity  of  the  fixture, 
heat  loss  through  the  cooling  water  was  small. 
High  temperature  calibration  was  accomplished 
on  four  2206  accelerometers,  two  at  a  time. 


TEMPERATURE  MONITOR 

Chromel-alumel  thermocouples  were 
mounted  on  the  fixture  near  the  accelerometer 


Fig,  4  -  Overall  setup  of  vibration  and  instrumentation  equipment 
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Fig.  5  -  Coil-fixture-accelerometer  setup  (Power  cables  to  the  heater  are 
not  connected.  Coil  structure  is  stationary  to  vibration  exciter  frame. 
Cooling  water  is  connected  to  coil  and  fixture  base  through  rubber  hoses. 
The  2206  accelerometers  are  mounted  on  fixture  column.  Thermocouples 
on  inlet  and  outlet  water  lines  a.nd  fixture.) 


locations  and  on  all  inlet  and  outlet  water  lines. 
Temperature  during  the  calibration  was  moni¬ 
tored  and  recorded  on  a  Brown  multi -point  re¬ 
corder  calibrated  for  0°  to  2000°F  ±  3  percent. 

DATA  REDUCTION 

Temperature  versus  time  was  plotted  from 
the  Brown  recorder  and  correlated  with  the 
power  applied  to  the  heater  during  the  heating 
cycle  and  with  the  accelerometer  output  record¬ 
ings  during  vibration.  The  output  of  each  2206 
accelerometer  at  the  different  temperature  in¬ 
crements  was  compared  to  the  standard.  Only 
one  of  the  accelerometers  indicated  any  appre¬ 
ciable  difference  between  the  output  at  ambient 
conditions  and  the  output  at  elevated  tempera¬ 
tures.  Two  accelerometer  outputs  are  shown  in 
comparison  with  the  standard  accelerometer  in 
Figs.  6  and  7,  at  a  vibration  level  of  10  g  for 
three  temperature  conditions,  ambient,  750° F, 
and  1850°F.  The  other  2206  accelerometers 
calibrated  were  similar  to  accelerometer  num¬ 
ber  36.  Accelerometer  number  36,  shown  in 
Fig.  6,  had  little  or  no  change  due  to  tempera¬ 
ture  variation,  whereas  accelerometer  number 
37,  shown  in  Fig.  7,  has  considerable  amplitude 
change  in  output  due  to  temperature  variation. 


The  sensitivity  of  accelerometer  number  36 
changed  less  than  1  percent  over  the  tempera¬ 
ture  range,  whereas  sensitivity  of  accelerometer 
number  37  changed  approximately  10  percent. 

No  interpretation  of  data  outside  the  frequency 
band  from  100  to  500  cps  was  attempted.  Any 
consideration  above  500  cps  would  have  been 
difficult  due  to  system  resonances.  It  is  inter¬ 
esting  to  note,  however,  that  the  resonances 
shifted  downward  in  amplitude  and  frequency  as 
the  temperature  was  increased  to  where  the 
fixture  became  "red  hot." 


CONCLUSION 

After  close  evaluation  of  all  significant 
data,  it  was  concluded  that  three  of  the  acceler¬ 
ometers  could  be  used  in  high  temperature  ap¬ 
plication  without  consideration  of  changes  in 
sensitivity  due  to  temperature  variations  at  the 
mounting  base.  The  fourth  accelerometer  could 
be  used  if  allowances  were  made  for  its  varia¬ 
tion  in  sensitivity  over  the  temperature  range. 

It  was  felt  that  a  successful  high  temperature 
calibration  had  been  obtained.  Nevertheless 
there  still  remains  the  ever  increasing  require¬ 
ment  for  more  accurate  calibrations. 
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ACCELERATION  (G  PEAK) 


TEMPERATURE  1850  F 
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Fig.  6  -  Amplitude  vs  frequency  accelerometer  No.  36 
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Fig.  7  -  Amplitude  vs  frequency  accelerometer  No.  37 


DISCUSSION 


Mr.  Wigle  (Martin  Company):  What  signal 
conditioning  did  you  use  to  get  from  the  acceler¬ 
ometer  into  the  Sanborn  Recorders? 


-Mr.  Taylor:  We  used  Endevco  amplifiers 
which  fed  into  Sanborn  log-audio  preamplifiers 
Recordings  were  produced  with  the  series  150 
Sanborn  recorder. 
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A  METHOD  OF  EMBEDDING  ACCELEROMETERS 
IN  SOLID  PROPELLANT  ROCKET  MOTORS* 

R.  L.  Allen  and  L.  R.  Flippin 
Thiokol  Chemical  Corporation 
Wasatch  Division 
Brigham  City,  Utah 


The  MINUTEMAN  Transportation  and  Handling  Test  Program  involves 
vibration  testing  of  full-scale  motors.  A  major  problem  in  the  vibration 
testing  of  large  solid  propellant  motors  is  developing  a  method  of  em¬ 
bedding  accelerometers  in  the  viscoelastic  propellant.  The  accelerom¬ 
eters  are  needed  to  determine  experimentally  the  dynamic  response 
of  the  propellant  during  the  environmental  tests,  and  to  verify  the  motor 
dynamic  analysis. 

The  engineering  analyses  and  experimental  tests  employed  by  Thiokol 
Chemical  Corporation  to  develop  the  accelerometer  installation  method 
is  the  subject  of  this  paper.  The  results  of  the  instrumentation,  and  the 
degree  to  which  the  desired  results  were  achieved  are  discussed. 

Extensive  engineering  studies  were  made  to  determine  the  minimum 
number,  location,  and  type  of  accelerometers  required  to  describe  the 
dynamic  response  of  the  propellant.  A  technique  was  developed  for  con¬ 
trolling  the  position  and  orientation  of  the  accelerometers  when  em¬ 
bedded  in  the  motor  propellant.  A  laboratory  research  program  was 
conducted  to  develop  reliable  bond  joints. 

The  configuration  finally  selected  utilizes  24  triaxiai  accelerometers,  of 
which  14  are  embedded  in  the  propellant  and  ten  are  mounted  on  the 
propellant  surface.  The  accelerometer  and  cable  assemblies  are  pre¬ 
cast  in  propellant  wedges  which  are  bonded  in  the  case  prior  to  casting 
the  motor.  Piezoelectric  accelerometers  were  selected  in  order  to 
meet  the  dynamic  response,  safety,  density,  and  temperature 
specifications. 

As  a  final  verification  of  the  design  concept  and  to  check  out  special 
manufacturing  techniques  and  tooling,  a  subscale  motor  was  successfully 
cast  with  accelerometers  embedded  in  the  propellant.  This  was  ac¬ 
complished  prior  to  casting  a  full-scale  motor.  Both  the  subscale  and 
full-scale  motors  were  used  in  the  vibration  testing  program. 

Thiokol  Chemical  Corporation  utilized  a  new  vibration  facility  for  per¬ 
forming  these  vibration  tests.  This  facility  is  equipped  with  electro¬ 
dynamic  and  electrohydraulic  exciter  systems  which  have  combined 
capabilities  of  sinusoidal  force  outputs  from  0  to  200,000  vector  force 
pounds,  and  frequency  capabilities  from  dc  to  2000  cps. 

With  the  design  concept  developed  for  internally  instrumenting  solid 
propellant  rocket  motors,  it  is  technically  feasible,  as  final  confirma¬ 
tion  of  the  motor  integrity,  to  static  fire  these  motors  after  the  vibra¬ 
tion  tests  are  completed.  This  capability  was  a  secondary  program 
objective. 


♦  This  paper  was  not  presented  at  the  Symposium 
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INTRODUCTION 


In  the  initial  stage  of  the  MINUTEMAN  de¬ 
velopment  program,  the  capability  of  the  Stage  I 
MINUTEMAN  motor  to  withstand  a  prolonged 
transportation  and  handling  environment  was 
unknown.  The  chance  that  transportation  and 
handling  problems  might  occur  as  a  result  of 
vibration,  shock,  structural  discontinuities,  and 
localized  loading  required  that  the  effect  on 
reliability  be  investigated.  In  simple  beams, 
these  problems  normally  lend  themselves  to 
analytical  study  and  analysis. 

The  Stage  I  motor,  however,  is  a  highly 
complex  structure,  comprised  of  a  thin-steel 
outer  shell  approximately  5  feet  in  diameter  and 
20  feet  long,  with  a  thick  bonding  liner.  Key 
areas  inside  the  case  are  insulated  with  a  rigid 
insulating  material  bonded  to  the  shell.  The 
case  is  filled  with  a  large  mass  of  viscoelastic 
propellant  having  a  star-shaped  core  chamber 
through  the  center.  With  such  a  composite 
structure,  the  mechanical  properties  of  which 
are  either  unknown  or  vary  from  specimen-to- 
specimen,  classical  beam  analysis  becomes 
inadequate  in  describing  the  response  of  the 
motor  to  a  dynamic  input. 

Because  of  the  specialized  nature  of  this 
problem,  a  consulting  service  in  Applied  Me¬ 
chanics  performed  an  analysis  and  predicted 
the  dynamic  response  of  the  Stage  I  motor  when 
subjected  to  transportation  and  handling 
environments.’ 

To  verify  this  analysis  by  tests,  Thiokol 
Chemical  Corporation  conducted  road,  air  ship¬ 
ment,  and  obstacle  course  tests  to  determine 
how  well  the  motor  would  withstand  actual  field 
conditions.  Although  a  great  amount  of  useful 
information  was  obtained  from  these  tests,  no 
satisfactory  means  was  found  to  control  the  test 
environment  over  the  entire  frequency  range  and 
at  the  acceleration  levels  required  to  check  the 
analytical  predictions  or  to  determine  the  dy¬ 
namic  response  of  the  motor.  The  frequency 
excitation  levels  were  so  low  in  value  that  the 
motors  tested  by  these  methods  responded  es¬ 
sentially  as  a  rigid  body.  No  fundamental  fre¬ 
quencies  or  mode  shapes  were  measurably 
excited. 

To  determine  the  fundamental  frequencies, 
mode  shapes,  propellant  response,  and  to  check 
the  analytical  predictions,  Thiokol  designed  and 
constructed  a  vibration  test  facility  at  the 
Wasatch  Division  with  the  capability  of  testing 
the  full-scale  Stage  I  MINUTEMAN  motor. 


To  fully  describe  the  behavior  of  the  motor, 
the  propellant  response  was  required  as  well  as 
the  case  response.  Engineering  studies  were 
conducted  to  establish  the  minimum  number  and 
location  of  accelerometers  required  to  determine 
the  dynamic  response  of  the  propellant  during 
the  vibration  tests.  A  method  of  embedding 
these  accelerometers  was  developed  which  en¬ 
ables  the  accelerometers  to  be  fixed  in  pre¬ 
scribed  locations  during  propellant  casting.  No 
adverse  dynamic  effects  occurred  on  the  motor 
or  propellant  from  the  embedded  accelerometers 
and  cable  assemblies. 


DISCUSSION 

One  of  the  major  problems  associated  with 
this  program  was  trying  to  determine  the  num¬ 
ber  and  corresponding  locations  of  accelerom¬ 
eters  required  to  describe  the  dynamic  be¬ 
havior  of  the  propellant  during  vibration  tests. 

Joint  studies  by  Space  Technology  Labora¬ 
tories,  Dyna/Structures,  Inc.,  and  Thiokol  indi¬ 
cated  that  the  dynamic  response  of  the  Stage  I 
propellant  grain  could  best  be  determined  by 
embedding  three  rows  of  accelerometers  in  the 
propellant  at  each  of  six  linear  cross-sectional 
stations  within  the  motor  (Fig.  1). 


TRANSDUCER  SELECTION 

After  the  number  and  location  of  the  ac¬ 
celerometers  were  determined,  an  accelerom¬ 
eter  had  to  be  selected  which  would  meet  the 
specifications  for  dynamic  response,  tempera¬ 
ture,  density,  and  safety.  The  general  specifi¬ 
cations  for  the  accelerometers  were: 

1.  Performance.  The  accelerometers  had 
to  contain  three  sensing  elements  in  a  single 
mounting  case,  with  three  mutually  perpendicu¬ 
lar  axes  of  sensitivity.  The  sensing  elements 
had  to  be  capable  of  measuring  minimum  and 
maximum  sinusoidal  accelerations  of  0.1-  and 
50- g  peaks,  respectively,  applied  in  the  direc¬ 
tion  of  the  particular  axis  or  axes  of  sensitivity. 
The  linearity  of  the  response  of  the  sensing 
elements  had  to  be  within  ±  1  percent  at  any 
frequency  between  2  and  2000  cps.  The  ac¬ 
curacy  of  the  sensing  elements  at  any  frequency 
between  2  and  2000  cps,  within  the  specified  ac¬ 
celeration  range,  had  to  be  within  ±  5  percent. 
The  phase  shift  between  the  applied  stimulus 
and  the  electrical  output  of  the  sensing  elements 
could  not  exceed  1  degree  at  any  frequency  or 
acceleration  level  within  the  specified  ranges. 
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OPPOSING  WEDGE 


PROPELLANT  CUT-BACK  SURFACE 


Fig.  1  -  Internal  instrumentation  design  concept 


The  distortion  of  the  output  waveform  of  the 
sensing  elements  could  not  exceed  5  percent  of 
the  fundamental  signal  of  an  applied  stimulus. 
Cable  connectors  for  the  three  axes  of  sensitivity 
for  each  accelerometer  had  to  be  located  on  a 
common  side. 

2.  Safety.  Piezoelectric  self-generating 
accelerometers,  suitable  for  embedding  in  live 
propellant,  were  used.  The  nature  and  low  level 
of  the  electrical  signal  generated  by  this  type  of 
accelerometer  eliminates  the  danger  of  inad¬ 
vertently  igniting  the  live  propellant. 

3.  Density.  The  density  of  the  acceler¬ 
ometer  had  to  be  the  same  as  the  live  propellant, 
1.7  grams  ±  0.1  gram  per  cubic  centimenter. 

The  accelerometer  center -of -gravity  had  to  be 
located  at  the  geometric  center. 

4.  Temperature.  An  accelerometer  oper¬ 
ating  temperature  range  between  -20°  and  + 

200 °F  was  required. 

The  output  response  of  the  sensing  elements 
at  temperatures  other  than  70° F  had  to  be  within 
±  5  percent  of  the  reference  output  response  at 
70  degrees.  (The  response  output  of  the  ele¬ 
ments  was  measured  with  a  2000  ±  200  picofarad 
cable).  The  accelerometer  had  to  withstand 
temperature  cycles  up  to  300° F  without  detri¬ 
mental  effects  or  impairments. 

A  Gulton  triaxial  piezoelectric  acceler¬ 
ometer,  part  number  TA  320106,  was  selected 
to  meet  the  requirements  and  specifications 
within  a  designated  time  limit.  Laboratory  tests 
indicated  that  these  accelerometers  could  be 
bonded  in  the  propellant  by  priming  the  aluminum 


outer  jacket  of  the  accelerometer  with  Epon  812 
(Epoxy,  bond  conditioner). 


TRANSDUCER  CABLE  SELECTION 

An  interconnecting  electrical  cable,  compat¬ 
ible  with  the  piezoelectric  accelerometer,  was 
selected.  Cable  requirements  were: 

1.  The  cable  outer  covering  or  insulation 
had  to  be  fabricated  from  a  material  which  could 
be  readily  bonded  to  the  live  propellant. 

2.  The  overall  diameter  of  the  cable  had  to 
be  kept  to  a  minimum  to  prevent  overstressing 
the  surrounding  propellant. 

3.  The  electrical  capacitance  of  the  cable 
could  not  exceed  40  picofarads  per  foot  of  cable. 

4.  The  noise  level  could  not  exceed  1  milli¬ 
volt  peak-to-peak.  The  noise  level  was  meas¬ 
ured  by  vibrating  a  10-foot  section,  with  an 
initial  3-1/2  inch  sag  at  the  center,  at  25  cps 
with  a  1-inch  double  amplitude.  During  these 
tests,  one  end  of  the  cable  was  connected  to  the 
exciter  and  the  other  end  terminated  at  100- 
megohm  impedance  source. 

After  electrically  testing  cables  from  several 
manufacturers,  polyvinyl  chloride,  silicon  rub¬ 
ber,  and  wrapped  Teflon  jacket  materials  were 
selected.  An  extensive  laboratory  testing  pro¬ 
gram  was  conducted  to  aid  in  selecting  the  more 
suitable  cable  covering  for  bonding  to  live  pro¬ 
pellant,  other  factors  being  equal .  A  Gulton  cable 
with  a  silicon  rubber  jacket,  primed  withUF  3170 
(Silicon  Primer),  proved  to  be  most  compatible. 
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ACCELEROMETER  AND  CABLE 
ASSEMBLY  VERIFICATION  TESTS 

The  following  problems  associated  with  the 
use  of  the  accelerometer  and  cable  as  an  as¬ 
sembly  had  to  be  resolved: 

1.  What  effect  did  the  dielectric  properties 
of  live  propellant  have  upon  the  characteristics 
of  the  accelerometer  and  cable? 

2.  What  type  of  cable -to-accelerometer 
connection  configuration  was  best  (connector  or 
integral  connection)? 

3.  What  effects  would  propellant  shrinkage 
have  on  the  accelerometer  and  cable  assem¬ 
blies  during  the  cure  cycle? 

4.  What  would  be  the  dynamic  transmissi- 
bility  of  the  accelerometer  and  cable  assemblies 
when  they  were  embedded  in  live  propellant? 


Verification  Tests 

In  order  to  resolve  these  problems,  ac¬ 
celerometer  and  cable  assemblies  were  em¬ 
bedded  in  10 -inch  propellant  cubes  for  dynamic 
testing.  For  one  type  of  specimen,  the  cable 
assemblies  were  routed  directly  out  of  the  pro¬ 
pellant.  In  a  second  type  of  specimen,  the  ca¬ 
bles  were  coiled  prior  to  routing  out  of  the  pro¬ 
pellant  to  determine  the  effects  on  accelerometer 
output  when  loads  were  introduced  into  the  ca¬ 
bles.  The  test  specimens  were  bonded  to  an 
aluminum  plate  which  also  served  to  attach  the 
fixture  to  the  exciter  table.  Each  of  the  speci¬ 
mens  underwent  resonance  search  tests  from  10 
to  500  cps  at  a  1.0-g  acceleration  level.  The 
samples  were  also  vibrated  at  500  cps  and  3.0  g 
for  20  minutes.  Side  loads  were  applied  to  the 
cable  assemblies  to  evaluate  methods  of  con¬ 
necting  the  cable  assemblies  to  the  accelerom¬ 
eters. 


The  test  specimens  exhibited  a  resonant 
condition  starting  at  490  cps  and  extending 
above  500  cps.  The  maximum  frequency  at 
which  meaningful  data  were  obtained  was  500 
cps,  due  to  the  frequency  limitations  of  the  ex¬ 
citer  table.  The  "Q"  at  resonance  was  approxi¬ 
mately  8.4.  No  .changes  bccuTTed  in  accelerom¬ 
eter  response  when  side  load*  were  applied  to 
the  cable  assemblies  for  either  type  of  speci¬ 
men.  Direct  routing  of  the  cables  from  the 
specimen  was  selected  as  the  simpler  method 
of  the  two.  After  the  Verification  tests  were 
completed,  the  specimens  were  sectioned  and 
inspected  for  bond  separations.  The  bonds 


were  good  in  all  cases.  The  dielectric  proper¬ 
ties  of  the  propellant  had  no  effect  on  the  accel¬ 
erometer  and  cable  assemblies.  Thermal  con¬ 
traction  of  the  propellant  during  cool  down  from 
the  curing  temperature  did  not  affect  the  bond 
joints  or  the  performance  of  the  accelerometer 
and  cable  assemblies. 


Safety  Tests 

After  final  selection  of  accelerometer  and 
cable  assemblies,  safety  tests  were  conducted 
to  make  sure  that  the  live  propellant  could  not 
be  ignited  by  connecting  the  embedded  accelerom¬ 
eter  cable  leads  to  electrical  power  supplies. 
Two  types  of  specimens  were  prepared  for 
these  tests.  The  first  type  consisted  of  small 
samples  of  live  propellant  in  which  shorted  ac¬ 
celerometer  cables  were  embedded.  In  some 
of  the  specimens,  the  inner  conductors  were 
shorted;  in  others,  the  shield  conductors  were 
shorted,  while  still  others  had  the  inner  con¬ 
ductor  shorted  to  the  shield  conductor. 

The  second  type  of  specimen  was  a  small 
sample  of  live  propellant  with  accelerometer 
and  cable  assemblies  embedded.  After  the  pro¬ 
pellant  had  cured,  the  specimens  were  brought 
to  an  ambient  temperature  of  about  80°  F  prior 
to  testing. 

The  tests  consisted  of  connecting  the  cables 
directly  to  115-volt  ac,  220-volt  ac,  and  440-volt 
ac  power  sources.  The  propellant  did  not  ignite, 
indicating  that  no  hazardous  condition  exists 
from  the  electrical  power  sources  available  in 
the  vibration  facility. 


EMBEDMENT  TECHNIQUE 

In  developing  a  method  of  installing  a  line 
of  three  accelerometers  at  six  cross  sections 
along  the  motor,  these  criteria  were  observed: 

1.  The  accelerometer  installation  and  ca¬ 
ble  routing  could  not  change  the  dynamic  char¬ 
acteristics  of  the  propellant. 

2.  The  accelerometer  axes  of  sensitivity 
must  be  oriented  within  ±  1/4  inch  and  ±  2-1/2 
degrees  of  each  other  and  must  be  supported  by 
propellant  only. 

3.  The  propellant  must  be  cut  back  without 
cutting  the  accelerometer  cables. 

4.  As  a  secondary  objective,  the  motor 
would  be  static  test  fired  after  completing  the 
dynamic  tests. 
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Two  of  the  three  accelerometers  and  cable 
assemblies  in  each  cross  section  were  precast 
in  propellant  wedges,  which  were  bonded  into 
the  case  at  each  of  the  linear  motor  stations 
prior  to  casting  the  propellant.  The  position  and 
orientation  of  the  accelerometers  in  the  propel¬ 
lant  wedges  were  controlled  during  the  wedge 
fabrication  and  were  in  the  same  relative  posi¬ 
tion  for  each  wedge  (Fig.  2). 


stations  were  installed  on  the  propellant  surface 
prior  to  attaching  the  aft  closure.  The  acceler¬ 
ometer  orientation  was  controlled  by  the  mount¬ 
ing  blocks  used  to  install  them.  The  mounting 
blocks,  fabricated  of  balsa  wood,  were  used  to 
orient  the  accelerometers.  The  accelerometer 
and  cable  assemblies  were  easily  removed  after 
the  dynamic  tests  were  completed  by  shearing  the 
mounting  blocks  close  to  the  propellant  surface. 


Fig,  2  -  Typical  propellant  wedge  installation 


The  wedges  were  installed  so  that  a  com¬ 
mon  edge  of  each  accelerometer  was  located  on 
the  flat  surface  of  the  wedge.  The  wedges  are 
located  linearly  in  the  case  by  measuring  from 
a  common  reference  point  on  the  motor  case. 
The  flat  surfaces  of  the  wedges  are  angularly 
aligned  in  the  case  prior  to  bonding  them  in 
place. 

The  third  accelerometer  and  cable  assem¬ 
blies  required  at  each  of  the  linear  motor 


The  cable  assemblies  from  the  wedge  lo¬ 
cated  at  the  midpoint  of  the  motor,  180  degrees 
from  the  continuous  row  of  wedges  along  the 
0-degree  target  side  of  the  case,  were  routed 
circumferentially  around  the  inside  of  the  case. 
These  cables  intersected  with  the  cables  from 
the  lower  accelerometers,  which  were  em¬ 
bedded  in  the  continuous  row  or  wedges.  From 
this  point,  the  cables  were  bundled  together 
and  were  routed  to  the  aft  end  of  the 
motor. 
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The  cable  assemblies  from  the  upper  ac¬ 
celerometers,  which  were  embedded  approxi¬ 
mately  11.5  inches  inboard  from  the  case,  were 
routed  parallel  to  the  motor  longitudinal  center- 
line.  The  cables  were  spanned,  telegraph  style, 
between  wedges  and  were  bonded  to  the  flat  face 
of  each  wedge. 

The  cable  assemblies  from  the  lower  ac¬ 
celerometers,  which  were  embedded  approxi¬ 
mately  3  inches  inboard  from  the  case,  were 
routed  along  the  lined  case  to  the  aft  end  and 
were  bonded  to  the  case  liner.  All  of  the  cables 
were  tightly  bundled  before  being  bonded  in 
position. 

By  utilizing  the  vacuum  casting  process,  no 
voids  occurred  around  the  cable  bundles  during 
the  propellant  casting  and  curing  processes.  By 
routing  the  cables  in  the  manner  described,  the 
feasibility  of  static  firing  the  motor  was  en¬ 
hanced,  because  the  flame  front  would  reach  the 
cables  in  each  cable  bundle  at  the  same  time, 
and  no  radial  path  was  provided  for  a  burn- 
through  or  increased  burning  area  (Fig.  1). 

The  propellant  is  machined  to  a  specified 
configuration  to  provide  a  plenum  chamber 
(Fig.  1).  This  is  called  a  cutback  operation. 

The  propellant  cutback  operation  was  per¬ 
formed  successfully  by  providing  cavities  into 
which  the  cable  assemblies  could  be  placed 
during  this  operation.  After  the  cutback  opera¬ 
tion  was  completed,  the  cable  assemblies  were 
routed  out  the  aft  end  of  the  motor  and  the 
cavities  around  the  cable  assemblies  were 
filled  with  propellant  (Fig.  1). 


BOND  JOINT  TESTS 

Laboratory  tests  were  conducted  to  evalu¬ 
ate  the  bond  joint  between  cured  propellant 
wedges  and  uncured  propellant.  By  priming  the 
cured  propellant  with  Epon  812  prior  to  the 
casting  operation,  the  bond  joint  between  cured 
and  uncured  propellant  was  as  strong  or  stronger 
than  the  parent  propellant.  Detailed  studies 
were  also  conducted  to  make  sure  that  the  prop¬ 
erties  of  the  propellant  did  not  change  when  ex¬ 
posed  to  three  temperature  curing  cycles  of 
135°F  of  96  hours  duration  each.  These  temper¬ 
ature  cycles  were  required  to  cure  the  propel¬ 
lant  wedges,  the  case  propellant,  and  the  propel¬ 
lant  used  to  fill  the  accelerometer  cable 
cavities.  Laboratory  tests  proved  that  the  pro¬ 
pellant  could  withstand  these  temperature  cycles 
with  no  physical  property  changes. 

Laboratory  tests  were  also  conducted  to 
determine  a  reliable  bond  joint  between  the 


propellant  wedges  and  the  case  liner.  A  UF- 
2123,  ambient-cured  liner,  was  developed  and 
evaluated  for  bonding  cured  TP-H1011  propel¬ 
lant  on  UF-2121  liner.  The  pot  life  of  UF-2123 
liner  after  de-aeration  is  4  hours  at  75°  ±  5°F. 
Cure  times  are  96  hours  at  75° F,  9  hours  at 
135°F,  and  5  hours  at  170° F. 

Testing  of  UF-2123  liner  was  programed  to 
include  all  phases  of  bonding  cured  propellant 
wedges  in  lined  motor  cases,  including  preheat 
prior  to  casting,  vacuum  casting  conditions,  and 
extended  cure  at  135°F.  Tensile,  shear,  and 
fatigue  tests  were  conducted  on  sample  bond 
joints,  using  the  de-aerated  UF-2123  liner.  In 
all-  cases,  the  bond  joint  had  greater  strength 
than  the  propellant.  Other  test  samples  were 
prepared  using  the  same  systems,  curing,  and 
testing  conditions,  with  the  exception  that  UF- 
2123  liner  was  not  de-aerated  prior  to  applica¬ 
tion.  When  these  samples  were  tested,  they 
gave  lower  values  and  swelled  during  the  vacuum 
phase  of  testing.  In  all  cases  where  the  UF- 
2123  liner  was  not  de-aerated  and  tested  under 
vacuum,  failure  occurred  in  the  UF-2123  liner. 

These  tests,  using  the  de-aerated  UF-2123 
liner,  established  the  minimum  allowable  ten¬ 
sile  stress  of  the  bond  joint  at  26  psi  and  the 
minimum  allowable  shear  stress  at  53  psi. 

From  these  test  values,  structural  engineers 
finalized  the  wedge  design.  The  bonding  surface 
of  the  final  wedge  design  was  equal  to  approxi¬ 
mately  135  square  inches,  which  gave  the  bond 
joint  a  tensile  safety  margin  of  8.32  and  a  shear 
safety  margin  of  65.42. 

Additional  test  specimens  were  fabricated 
to  simulate  the  bond  joint  between  the  propellant 
wedges  and  case  liner.  Various  loads  were  ap¬ 
plied  to  these  test  specimens  when  exposed  to 
motor  processing  environment,  and  in  all  cases 
the  bond  joint  was  good. 

The  test  data  verified  that  the  UF-2123  liner 
was  an  adequate  adhesive  for  bonding  cured  TP- 
H1011  propellant  to  cured  UF-2121  liner.  These 
bond  joints  were  satisfactory  for  either  bayonet 
type  casting  or  vacuum  casting;  however,  when 
they  are  used  with  vacuum  casting,  the  UF-2123 
liner  must  be  de-aerated  prior  to  using. 


SPECIAL  EQUIPMENT 
REQUIREMENTS 

Propellant  Wedge  Molds 

The  propellant  wedges  were  designed  to 
support  two  accelerometer  and  cable  assembles 
in  a  specific  orientation  and  location  during 
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casting  operations.  The  final  wedges  weighed 
approximately  45  pounds  and  were  approxi¬ 
mately  14  x  11  x  15  inches. 

The  fiberglass  molds  were  deigned  and 
built  to  fabricate  these  propellant  wedges. 

Three  different  mold  configurations  were  built 
to  meet  all  the  requirements  for  instrumenting 
a  motor.  The  first  configuration  was  for  the 
case  wedges,  the  second  was  for  the  aft  case 
wedge,  and  the  third  was  for  the  opposing  case 
wedge. 

The  first  configuration  excluded  the  case 
slivers  at  that  location.  The  slivers  were  de¬ 
leted  because  the  close  installation  tolerance 
between  wedges  could  be  controlled  more  easily 
without  them.  The  deletion  of  this  one  sliver 
will  not  appreciably  affect  the  dynamic  response 
of  the  propellant  or  motor  (Figs.  1  and  3). 


The  second  configuration  is  designed  to  fit 
over  the  aft  case  insulation  and  contains  the  ca¬ 
ble  cavity  connections  (Figs.  1  and  4). 

The  third  configuration  fits  over  the  silver 
on  the  opposite  side  of  the  motor.  Because  only 
one  wedge  was  installed  on  this  side  of  the  mo¬ 
tor,  the  silver  did  not  interfere  with  installation 
tolerances  (Figs.  1  and  3). 

The  exact  position  and  orientation  of  the  ac¬ 
celerometers  in  the  propellant  wedges  were  ac¬ 
complished  with  holding  fixtures  specifically 
located  on  the  wedge  mold.  The  accelerometer 
and  cable  assemblies  were  held  in  position  by 
these  fixtures  while  the  propellant  was  being 
cast  around  them  (Figs.  5  and  6). 

The  major  problem  associated  with  the 
wedge  mold  design  was  developing  a  technique 
to  remove  the  propellant  wedges  from  the 


Fig.  3  -  Propellant  wedges  installed  in  lined  motor  case 
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Fig.  4  -  Aft  propellant  wedge  installation 


molds  after  they  had  cured.  Laboratory  tests 
indicated  that  a  conventional  rubber  type  part¬ 
ing  compound  would  contaminate  the  propellant 
wedge  and  would  prevent  a  good  bond  joint  be¬ 
tween  the  cured  and  uncured  propellant.  At¬ 
tempts  to  remove  the  wedges  from  the  mold 
with  air  ports  in  the  molds  and  suction  cup 
pulling  devices  proved  to  be  unsatisfactory.  The 
purpose  of  the  air  ports  was  to  provide  a  means 
of  breaking  the  bond  between  the  wedge  and  the 
mold.  This  technique  proved  unsatisfactory  be¬ 
cause  the  air  would  escape  out  of  a  very  narrow 
path  and  would  not  cause  separation  of  the  wedge 
and  mold  over  a  sufficiently  large  area.  The 
suction  cups  were  satisfactory,  but  no  separa¬ 
tion  occurred  between  the  wedge  and  mold. 

This  removal  problem  was  overcome  by  lining 
the  molds  with  Teflon  tape  prior  to  casting  the 
wedges.  When  used  in  conjunction  with  the  air 
ports,  the  Teflon  tape  acted  as  a  good  parting 
material,  and  the  wedges  could  easily  be  re¬ 
moved  from  the  molds.  No  contamination  prob¬ 
lems  occurred  when  Teflon  tape  was  used. 


Cavity  Assemblies  and  Support  Brackets 

In  order  to  perform  the  cutback  operation,  a 
cavity  was  provided  in  which  the  accelerometer 


Fig.  5  -  Technician  finishing  propellant 
wedge  prior  to  curing  propellant 
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Fig.  6  -  Propellant  wedge  and  casting  mold 


cable  assemblies  could  be  safely  placed.  After 
performing  calculations  and  experimental  tests 
on  different  methods  of  coiling  the  accelerom¬ 
eter  cables,  a  cavity  approximately  15  inches 
long  by  2-1/2  inches  in  diameter  was  found  to 
be  satisfactory.  These  cavities  were  formed  by 
casting  the  propellant  around  cavity  assemblies 
(aluminum  tubes).  After  the  wedges  had  been 
installed  in  the  case,  the  accelerometer  cable 
assemblies  were  routed  from  the  last  wedge 
into  the  cavity  assemblies,  and  the  joint  between 
the  cavity  assemblies  and  the  wedge  were  sealed 
(Figs.  7  and  8). 

The  cavity  assemblies  were  wrapped  with 
Teflon  tape  to  simplify  removal  after  the  pro¬ 
pellant  had  cured.  A  support  bracket  was  de¬ 
signed  and  fabricated  to  hold  the  cavity  assem¬ 
blies  in  position  during  propellant  casting.  This 
support  bracket  restrained  any  axial  loading  of 
the  cavity  fixtures  due  to  buoyancy  when  the 
fixtures  were  submerged  in  uncured  propellant 
(Fig.  4). 


MANUFACTURING  AND 
PROCESSING  DETAILS 

Preparation  of  Accelerometers 
and  Cable  Assemblies 

The  accelerometers  were  all  calibrated 
electrically,  and  the  calibration  results  for  each 
axis  of  sensitivity  were  recorded.  Prior  to  em¬ 
bedding  the  accelerometers  in  propellant,  they 


Fig.  7  -  Cable  routing  at 
aft  propellant  wedge 


were  primed  with  Epon  812  Liquid  Epoxy  Resin 
to  ensure  a  good  bond  with  the  propellant.  Ca¬ 
ble  assemblies  for  each  accelerometer  axis  of 
sensitivity  were  fabricated  and  identified  with  a 
coding  number.  The  coding  numbers  were  re¬ 
quired  to  identify  the  embedded  accelerometers 
and  corresponding  axis  of  sensitivity  after  com¬ 
pleting  the  casting  operations.  The  cable  as¬ 
semblies  were  connected  and  safety  wired  to  the 
accelerometer.  The  cable  assemblies  were 
primed  with  UF-3170  sealant  to  insure  a  good 
bond  when  the  assemblies  were  embedded  in  the 
propellant. 

Installation  and  Electrical  Tests  of 
Accelerometers  and  Cable  Assemblies 

The  accelerometer  and  cable  assemblies 
were  installed  in  the  wedge  and  were  checked 
electrically  prior  to  casting  the  wedges.  These 
electrical  tests  insured  that  the  accelerometers 
or  cables  were  not  shorted  or  broken  prior  to 
embedding  them  in  the  propellant  wedge.  If  any 
defect  had  existed,  repairs  or  replacements  at 
this  stage  of  the  process  could  have  easily  been 
made  (Fig.  9). 

The  unique  feature  about  the  accelerometer 
cable  used  was  that  it  had  nearly  zero  series 
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Fig.  8  -  Installation  of  accelerometer  cables  in  cavity  assemblies 


Accelerometer  and  cable  electrical  tests 
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resistance  and  a  distributed  capacitance  of  33.6 
picofarads  per  foot  of  cable.  With  this  capaci¬ 
tance  characteristic,  the  amount  of  capacitance 
a  cable  of  a  given  length  will  have  is  known.  By 
adding  the  capacitance  of  the  accelerometer,  the 
total  capacitance  of  any  accelerometer  cable 
combination  is  known.  One  of  the  electrical 
tests  utilized  was  to  measure  the  capacitance  of 
the  accelerometer  cable  combinations.  If  the 
cable  or  accelerometer  circuit  is  broken,  it  is 
easily  detected  and  the  specific  location  of  the 
break  is  known  within  inches  (Fig.  9). 

An  additional  electrical  check  was  required 
because  the  cable  or  accelerometers  could  have 
had  a  high  resistance  short  which  was  not  de¬ 
tected  by  the  capacitance  test.  Any  existing 
shorts  were  detected  by  putting  a  50-volt  dc  in¬ 
put  into  the  accelerometer  cable  combinations 
and  measuring  the  resistance  between  the  inner 
conductor  and  outer  shield  (Fig.  9). 


Propellant  Wedge  Processing 

After  completing  the  electrical  checks  and 
lining  the  wedge  molds  with  Teflon  tape,  the 
wedges  were  cast  with  propellant.  Two  small 
individual  propellant  batches  were  used  to  cast 
the  propellant  wedges.  The  propellant  wedges 
were  bayonet  cast  instead  of  vacuum  cast  to 
permit  manual  control  of  the  cable  routing  and 
the  flat  surface  of  the  wedge.  After  the  wedges 
were  cast,  they  underwent  a  cure  cycle  of  135°F 
for  96  hours. 

After  curing,  the  propellant  wedges  with 
the  embedded  accelerometer  and  cable  assem¬ 
blies  were  removed  from  the  casting  molds. 

The  propellant  wedges  were  individually  X-rayed 
to  verify  that  no  voids  or  air  pockets  existed. 


Installation  of  Propellant  Wedges 
and  Cable  Assemblies 

The  propellant  wedges  initially  were  in¬ 
stalled  dry,  positioned,  and  aligned.  With  the 
wedges  in  the  proper  position,  the  case  liner  was 
masked  off  so  that  the  wedges  could  be  quickly 
installed  in  the  correct  location  after  the  bond¬ 
ing  compound  was  applied.  Because  of  the  con¬ 
fined  work  area,  only  one  wedge  was  handled  at 
a  time  and  always  the  extreme  aft  wedge. 
Therefore,  after  the  locations  were  masked  off, 
all  the  wedges  were  removed  prior  to  perma¬ 
nently  installing  them  with  bonding  compound 
(Figs.  10  and  11). 

As  each  wedge  was  installed  with  bonding 
compound,  its  alignment  was  checked  visually. 


After  the  opposing  wedge  on  the  180-degree 
axis  of  the  case  was  installed  and  aligned,  the 
UF-2123  bonding  compound  was  allowed  to  cure 
for  96  hours  at  ambient  temperature  (75°F). 
After  the  bonding  compound  on  this  wedge  had 
cured,  the  motor  was  rotated  180  degrees  and 
the  remaining  wedges  were  installed  in  the 
same  manner.  When  the  bonding  compound  on 
these  wedges  had  cured,  the  cable  assemblies 
from  the  opposing  wedge  were  routed  circum¬ 
ferentially  around  to  the  other  wedges  and  were 
bonded  to  the  case  liner  with  UF-2123  liner. 

The  motor  was  rotated  as  required  during  this 
operation.  The  cable  assemblies  from  this 
wedge  and  the  bottom  cable  assemblies  from 
all  the  other  wedges  were  routed  along  the  case 
and  into  the  lower  cavity  assembly  (Fig.  1). 

An  electrical  check  was  made  before  bond¬ 
ing  the  cables  to  the  case  liner  to  insure  that 
the  cables  had  not  been  damaged  during  the 
processing,  X-ray,  and  installation  operations. 
Any  damaged  cable  assemblies  were  repaired 
prior  to  bonding  them  in  place. 

The  lower  cable  assemblies  were  bonded  in 
place,  and  the  point  between  the  lower  cable 
cavity  assembly  and  the  aft  wedge  was  sealed 
with  UF-2123  liner  (Figs.  4  and  12). 

After  the  lower  cable  assemblies  were 
bonded  in  place,  the  motor  was  rotated  90  de¬ 
grees.  The  upper  cable  assemblies  were 
bundled  and  routed  along  the  wedge  and  into  the 
upper  cavity  assembly.  Rotating  the  case  made 
it  easier  to  bond  the  cable  assemblies  to  the 
propellant  wedges  (Fig.  13). 

An  electrical  check  was  again  conducted 
before  bonding  these  cables  to  the  propellant 
wedges. 

The  upper  cable  assemblies  were  then 
bonded  in  place,  and  the  joint  between  the  upper 
cable  cavity  assembly  and  the  aft  wedge  was 
sealed  with  UF-2123  liner  (Fig.  4). 

All  of  the  installed  propellant  wedges  were 
primed  with  Epon  812  to  ensure  a  good  bond  be¬ 
tween  the  cured  propellant  wedges  and  the  re¬ 
mainder  of  the  motor  propellant. 


Wedge  Installation  Tests 

Before  casting  a  full-scale  motor  with  in¬ 
ternal  instrumentation,  verification  tests  were 
performed  utilizing  an  aft  subassembly.  The 
bond  joint  was  checked  by  applying  weights  of 
27,  18,  and  10  pounds  to  the  propellant  wedges 
installed  in  the  aft  subassembly.  The  27-pound 
weight,  the  most  severe  condition,  reduced  the 
safety  factor  from  8.32  to2.83  (Figs.  14  and  15). 
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11  -  Propellant  wedge  installation 
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Fig.  12  -  Bonding  lower  accelerometer  cables 


Fig.  13  -  Positioning  upper  accelerometer  cables  prior  to  bonding 
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Fig.  14  -  Weight  installation 
on  propellant  wedge 


Fig.  15  -  Weight  installation 
on  propellant  wedges 


The  weighted  wedges  were  exposed  to  tem¬ 
perature  -and  vacuum  conditions  similar  to  those 
encountered  during  full-scale  motor  casting. 

No  failures  occurred  during  this  temperature- 
vacuum  cycle;  therefore,  the  weights  were  re¬ 
moved  and  the  subassembly  was  cast  with  pro¬ 
pellant  as  a  final  confirmation  of  the  design 
concept.  The  X-ray  and  visual  inspections  of 
this  specimen  after  the  propellant  had  cured 
proved  conclusively  that  the  concept  was  tech¬ 
nically  sound. 


Casting  and  Curing  Motor 

After  successfully  completing  the  wedge  in¬ 
stallation  tests  in  the  aft  subassembly,  the  full- 
scale  motor  was  prepared  for  processing.  The 
wedges  were  installed  in  the  lined  case  and  the 
motor  was  prepared  for  casting  according  to 
normal  operating  procedures.  The  casting 
core,  the  vacuum  casting  bell,  and  other  mis¬ 
cellaneous  equipment  were  installed  (Figs.  16 
and  17). 

The  motor  casting  and  curing  operations 
were  accomplished  with  no  problems  or  unusual 
occurrences.  After  curing,  the  cable  cavity  as¬ 
semblies  were  removed,  and  the  accelerometer 
cables  were  coiled  and  placed  in  the  cavities 


below  the  cutback  depth.  The  motor  was  cut 
back  in  accordance  with  normal  processing 
procedures. 

The  accelerometer  cable  assemblies  then 
were  uncoiled  and  routed  directly  out  of  the 
cavities.  The  cavities  were  primed  with  Epon 
812  Liquid  Epoxy  Resin  prior  to  filling  them 
with  TP-H1064  propellant.  This  propellant  is 
identical  to  TP-H1011  except  that  it  has  spher¬ 
ical  aluminum  particles  instead  of  coarse 
ground  aluminum  particles.  This  propellant  is 
less  viscous  in  the  uncured  state  than  TP-H1011 
and  does  not  develop  as  many  voids  when  filling 
small  cavities.  After  filling  these  cavities,  the 
motor  was  recycled  at  135°F  for  96  hours  to 
cure  the  propellant. 


Inspection  and  Final  Processing 

The  motor  was  given  a  complete  X-ray  and 
ultrasonic  inspection  prior  to  installing  the  aft 
closure  and  nozzle  assemblies.  No  voids  or 
cracks  were  revealed  in  the  propellant  or  around 
the  wedges  or  cable  assemblies. 

Final  electrical  checks  showed  that  all  the 
accelerometer  and  cable  assemblies  were  com¬ 
pletely  functional. 
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Fig.  18  -  Longitudinal  response  of  motor  case  and 
propellant.  Test  No.  1  TU- 1 22- 1834. 1062,  47  cps 
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EXAMPLE  OF  RESULTS 
Longitudinal  Mode  of  Vibration 

A  typical  example  of  the  longitudinal  wave 
propagation  measured  at  the  motor  cross  sec¬ 
tions  during  resonance  is  shown  in  Fig.  18.  The 
displacement  is  shown  for  a  reference  trans¬ 
ducer  at  maximum  response  (A),  30  degrees 
later  (B),  60  degrees  later  (C),  and  at  zero  (D). 
This  covers  the  motion  during  one  quarter  of  a 
sine  wave.  The  relative  motion  of  the  motor 
case  and  different  levels  of  the  propellant  can 
easily  be  seen  by  use  of  this  type  of  plot.  The 
mode  shape  of  the  motor  cross  sections  are 
also  defined.  Similar  information  is  obtained 


for  tests  in  the  transverse  plane.  This  presen¬ 
tation,  however,  was  not  intended  to  present  the 
technical  results  of  vibration  tests.  This  typical 
example  is  used  only  as  an  illustration  of  what 
may  be  accomplished  with  this  method  of 
instrumentation. 


ACKNOWLEDGMENTS 

The  authors  would  like  to  acknowledge  the 
valuable  contributions  and  efforts  of  B.  D.  Bryner, 
J.  O.  Campbell,  E.  E.  Meeker,  R.  E.  Meyer, 

R.  J.  Porter,  and  T.  Sedgwick  in  the  successful 
development  of  this  instrumentation  technique. 

* 


43- 


CALIBRATORS  FOR  ACCEPTANCE  AND  QUALIFICATION 
TESTING  OF  VIBRATION  MEASURING  INSTRUMENTS 


R.  R.  Bouche  and  L.  C.  Ensor 
Endevco  Corporation 


Three  calibrators  are  described  in  detail.  The  descriptions  include 
block  diagrams  as  well  as  a  discussion  of  the  consideration  made  in 
arriving  at  each  calibrator  design.  An  analysis  of  the  errors  present 
in  the  calibrators  is  included. 


INTRODUCTION 

Purchasers  of  vibration  measuring  instru¬ 
ments  frequently  require  that  acceptance  and 
qualification  tests  be  performed  by  the  instru¬ 
ment  manufacturer.  These  tests  specify  the 
calibrations  to  be  performed  on  accelerometers 
and  associated  instruments  to  insure  satisfac¬ 
tory  performance.  In  addition,  many  users  of 
vibration  instruments  perform  their  own  ac¬ 
ceptance  tests  or  periodic  recalibrations.  This 
paper  describes  the  design  details  of  calibra¬ 
tors  suitable  for  these  measurements  which  are 
in  regular  use  by  one  manufacturer.  An  error 
analysis  indicates  the  accuracy  obtained  when 
using  these  calibrators.  The  descriptions  in 
this  paper  are  intended  to  aid  in  the  design  and 
use  of  similar  calibrators  in  other  laboratories. 
This  will  result  in  more  uniformity  in  calibra¬ 
tion  procedures  throughout  the  industry  and 
will  provide  better  understanding  of  the  signif¬ 
icance  of  the  calibration  data  obtained. 

The  calibrators  described  in  this  paper 
are  used  for  calibrating  accelerometers  in  the 
range  from  5  to  10,000  cps,  0  to  100  g,  and  from 
-300°  to  +750°F.  Although  used  primarily  for 
piezoelectric  accelerometers,  they  can  also  be 
employed  to  calibrate  other  vibration  trans¬ 
ducers  weighing  up  to  2  oz.  The  amplitude 
linearity  and  temperature  response  calibrators 
are  designed  differently  than  the  sensitivity 
and  frequency  response  measuring  systems; 
sensitivity  and  frequency  response  calibrations 
arc  performed  at  a  single  acceleration  level  at 
various  frequencies,  while  amplitude  linearity 
and  temperature  response  calibrations  are 
usually  performed  at  a  single  frequency.  Al¬ 
though  combined  temperature  and  frequency 


response  calibrations  are  possible  over  limited 
ranges,  it  is  usually  preferable  to  perform  the 
calibrations  separately  and  combine  the  results 
analytically. 

Detailed  error  analyses  for  sensitivity  and 
frequency  response  calibrations  are  included 
which  indicate  that  at  low  frequencies  the  errors 
in  calibration  are  comparable  to  those  attained 
at  the  National  Bureau  of  Standards.  This  oc¬ 
curs  because  the  standards  used  are  calibrated 
by  the  absolute  reciprocity  method  at  50  cps. 

At  higher  frequencies  the  errors  are  slightly 
greater  than  the  NBS  errors  since  at  these 
higher  frequencies  the  standards  are  calibrated 
by  the  comparison  method  (using  reference 
standards  previously  calibrated  at  NBS). 


SENSITIVITY  AND  FREQUENCY 
RESPONSE 

Three  calibrators  used  for  sensitivity  and 
frequency  response  calibrations  are  illustrated 
in  Figs.  1,  2,  and  3.  The  shaker  in  Fig.  1  is 
equipped  with  both  an  electrodynamic  velocity 
coil  standard  and  a  piezoelectric  standard.  The 
second  calibrator  (Fig.  2)  is  equipped  with  a 
piezoelectric  standard  using  voltage  amplifiers, 
and  the  third  (Fig.  3)  uses  a  piezoelectric  stand¬ 
ard  with  charge  amplifiers.  All  standards  are 
calibrated  by  the  reciprocity  method  at  50  cps. 

In  addition,  the  piezoelectric  standards  are 
calibrated  by  comparison  to  accelerometers 
previously  calibrated  at  NBS. 

The  shakers  are  mounted  on  seismic  blocks 
having  resonance  frequencies  of  4  cps  or  less. 
The  seismic  block  eliminates  transmission  of 
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building  vibration  to  the  shaker  and  prevents 
shaker  induced  vibration  from  being  transmitted 
to  the  electronic  components  in  the  calibrator. 


Velocity  Coil-Accelerometer 
Calibrator 

The  block  diagram  for  the  first  calibrator, 
equipped  with  both  velocity  coil  and  accelero¬ 
meter  standards  is  shown  in  Fig.  1.  The  oscil¬ 
loscope  is  used  to  monitor  the  wave  form  and 
assure  that  no  significant  distortion  is  present. 
Locating  the  velocity  coil  in  the  shaker  itself 
provides  a  calibration  capability  which  is  iden¬ 
tical  to  that  available  at  NBS.  The  acceler¬ 
ometer  standard,  also  calibrated  by  the  reci¬ 
procity  method,  has  the  advantage  that  it  can 
be  used  over  a  wide  frequency  range.  The 
errors  of  the  accelerometer  standards  are 
nearly  the  same  as  that  of  the  velocity  coil 
standard,  as  will  be  shown.  The  accelerometer 
standard  and  a  test  accelerometer  are  attached 
back-to-back  in  a  fixture  designed  to  be  used 
at  frequencies  up  to  at  least  4000  cps.  The 
shaker  is  suitable  for  routine  calibrations  from 
20  cps  to  4000  cps.  The  velocity  coil  standard 
is  used  only  at  50  cps,  the  frequency  at  which 
its  reciprocity  calibration  is  performed. 


The  audio  oscillator  is  set  at  the  desired 
operating  frequency  and  the  acceleration  ad¬ 
justed  to  approximately  5  g  which  is  well  within 
the  operating  range  of  the  shaker.  Switch  #1  is 
set  to'  select  either  the  accelerometer  or  veloc¬ 
ity  coil  standard.  The  decade  capacity  is  set  at 
the  value  for  which  it  is  desired  to  measure  the 
voltage  sensitivity  of  the  test  accelerometer 
being  calibrated.  Use  of  a  gain  attenuator  and 
two  amplifiers  permits  the  calibration  of  test 
accelerometers  having  voltage  sensitivities  be¬ 
tween  0.5  mv/g  and  14  volts/g.  The  amplifiers 
and  the  gain  attenuator  are  set  so  that  the  out¬ 
put  for  the  test  accelerometer  at  switch  #2  is 
somewhat  less  than  the  sensitivity  of  the  coil 
and  accelerometer  standard.  Both  the  acceler¬ 
ometer  standard  in  combination  with  the  third 
amplifier  and  the  coil  standard  provide  a  cali¬ 
brated  sensitivity  of  exactly  100  mv  (rms)/g 
(pk).  (Note:  this  sensitivity  is  applicable  to  the 
velocity  coil  at  50  cps  only.)  The  use  of  a  fre¬ 
quency  standard  is  unnecessary  and  is  omitted 
when  using  the  accelerometer  standard.  The 
voltage  divider  is  then  adjusted  until  the  read¬ 
ings  on  the  VTVM  are  identical  with  switch  #2 
in  either  position. 

To  obtain  the  test  accelerometer  sensitivity 
in  mv  (rms)/g  (pk),  multiply  the  voltage  divider 


Fig.  1  -  Sensitivity  and  frequency  response  calibrator  equipped  with  velocity-coil  and 
piezoelectric  accelerometer- voltage  amplifier  standards  and  block  diagram 
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reading  by  100  times  the  first  amplifier  gain, 
times  the  second  amplifier  gain,  and  the  gain 
attenuation.  This  procedure  is  repeated  at  each 
frequency  at  which  a  calibration  is  desired. 

The  calibration  obtained  is  the  combined  voltage 
sensitivity  and  frequency  response  of  the  test 
accelerometer. 


Accelerometer-Voltage  Amplifier 
Calibrator 

The  accelerometer -voltage  amplifier  cali¬ 
brator  is  illustrated  by  the  block  diagram  in 
Fig.  2.  A  reciprocity  calibrated  piezoelectric 
accelerometer  is  the  only  standard  used.  This 
calibrator  is  equipped  with  two  vibration  exci¬ 
ters  in  order  to  cover  the  entire  frequency 
range  from  5  to  10,000  cps.  One  shaker  is  used 
from  5  to  4000  cps  and  is  rated  at  50 -lb  force. 
The  other,  used  from  4000  to  10,000  cps,  is 
rated  at  0.5-lb  force.  The  large  shaker  is  op¬ 
erated  at  accelerations  up  to  10  g,  except  where 
limited  by  a  double  displacement  amplitude  of 
0.25  in.  The  small  shaker  although  capable  of 
operating  at  accelerations  up  to  1  g,  is  usually 
used  at  0.5  g  to  avoid  overheating  the  driving 
coil  at  frequencies  near  10,000  cps. 

Effective  eddy  currents  may  be  induced  in 
accelerometer  cable  by  a  combination  of  stray 
magnetic  field  and  low  accelerations.  This  ef¬ 
fect  can  result  in  ground  loop  problems  which 
can  be  eliminated  by  battery  operating  one  of 
the  voltage  amplifiers  when  using  the  small 
shaker. 


The  standard  accelerometer -voltage  ampli¬ 
fier  combination  has  been  previously  adjusted 
to  a  calibrated  sensitivity  of  exactly  100  mv/g. 
When  using  the  large  shaker,  the  test  and  stand¬ 
ard  accelerometers  are  attached  to  a  back-to- 
back  fixture.  Switch  #1  positions  the  voltage 
divider  in  the  circuit  with  the  accelerometer 
having  the  highest  sensitivity.  Switch  #2  is  then 
alternated  between  the  test  and  standard  accel¬ 
erometers  while  adjusting  the  voltage  divider 
until  both  outputs  are  identical.  The  sensitivity 
of  the  test  accelerometer  is  100  times  the  test 
accelerometer  output  divided  by  the  standard 
accelerometer  output.  This  sensitivity  calibra¬ 
tion  is  repeated  at  each  desired  frequency  in  the 
range  from  5  to  4000  cps. 

Since  the  small  shaker  has  a  piezoelectric 
standard  accelerometer  built  in,  it  is  not  nec¬ 
essary  to  use  the  back-to-back  fixture.  The 
test  accelerometer  is  attached  directly  to  the 
shaker  and  the  ratio  of  the  test  to  the  built-in 
accelerometer  output  is  measured  using  the 
same  method  employed  with  the  large  shaker. 

To  verify  that  the  sensitivity  of  the  built-in  ac¬ 
celerometer  remains  unchanged,  the  reciprocity 
calibrated  accelerometer  standard  is  attached 
to  the  small  shaker  and  recalibrated  at  each 
frequency  at  which  the  test  accelerometer  is 
calibrated. 

Although  the  procedure  of  changing  a  test  ac  - 
celerometer  from  shaker  to  shaker  might  appear 
quite  cumbersome,  it  is  possible  to  obtain  calibra¬ 
tion  data  throughout  the  range  from  5  to  10,000  cps 
on  a  single  accelerometer  in  approximately  1  hour. 


Fig.  2  -  Wide  frequency  range  sensitivity  calibrator  equipped  with  piezoelectric 
accelerometer -voltage  amplifier  standard  and  block  diagram 
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Fig.  3  -  Sensitivity  and  frequency  response  calibrator  equipped  with  piezoelectric 
accelerometer -charge  amplifier  standard  and  block  diagram 


Accelerometer -Charge  Amplifier 
Calibrator 

The  block  diagram  of  the  calibrator  using 
charge  amplifiers  is  illustrated  in  Fig.  3.  This 
calibrator  is  noteworthy  for  its  simplicity  of 
design.  The  gain  adjust  required  to  calibrate 
all  piezoelectric  accelerometers  presently 
available  is  included  in  the  charge  amplifier. 

The  reciprocity  calibrated  standard  is  adjusted 
so  that  its  sensitivity  is  exactly  10  pcmb/g. 

This  adjustment  is  made  by  inserting  the  proper 
value  of  series  capacitor  between  the  accelerom¬ 
eter  and  its  associated  charge  amplifier.  The 
sensitivity  calibration  is  performed  by  vibrat¬ 
ing  the  shaker  at  the  desired  frequency  at  ap¬ 
proximately  5  g.  The  gain  ranges  on  the  two 
charge  amplifiers  are  adjusted  until  the  output 
of  the  test  accelerometer  is  somewhat  smaller 
than  that  of  the  standard  accelerometer.  The 
switch  is  alternated  between  its  two  positions 
and  the  voltage  divider  is  adjusted  until  the  out¬ 
puts  from  the  test  and  standard  accelerometers 
are  identical.  The  sensitivity  of  the  test  accel¬ 
erometer  is  equal  to  10  times  the  voltage  divider 
setting  times  the  ratio  of  the  gains  used  in  the 
two  charge  amplifiers.  This  procedure  is  re¬ 
peated  at  each  frequency  at  which  a  calibration 
is  desired. 


The  simplicity  of  this  calibrator  is  achieved 
primarily  through  the  wide  gain  ranges  provided 
in  the  charge  amplifier.  This  feature  permits 
calibration  of  any  piezoelectric  accelerometer 
having  charge  sensitivity  from  0.5  to  3000 
pcmb/g.  These  amplifiers  provide  a  much 
higher  output  signal  than  that  available  in  the 
two  calibrators  previously  described.  In  addi¬ 
tion,  the  complicated  switching  and  attenuation 
circuits  are  eliminated.  The  accelerometer - 
charge  amplifier  calibrator  is  designed  for  use 
with  piezoelectric  accelerometers.  It  does  not 
have  the  flexibility  of  the  other  two  calibrators 
which  can  be  used  readily  with  other  types  of 
vibration  pickups,  e.g.,  electrodynamic  velocity 
pickups  and  variable  reluctance  and  differential 
transformer  accelerometers.  The  shaker  used 
in  this  calibrator  is  most  useful  in  the  frequency 
range  from  20  to  4000  cps. 


Shaker  Characteristics 

The  shaker  which  is  used  in  all  three  cali¬ 
brators  is  suitable  for  any  single  axis  vibration 
pickup  weighing  up  to  2  oz.  It  may  be  used  to 
calibrate  heavier  vibration  pickups  only  over 
limited  frequency  ranges,  since  as  the  weight 
of  the  vibration  pickup  increases,  the  maximum 
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operating  frequency  decreases.  This  is  not 
usually  a  problem  because  most  of  the  heavier 
vibration  pickups  are  designed  to  be  used  in 
lower  frequency  ranges.  The  one  exception  to 
this  is  the  calibration  of  triaxial  accelerometers 
in  all  three  axes.  Although  the  shaker  used  in 
these  calibrators  is  suitable  for  the  Z  direction 
(directly  perpendicular  to  the  base  of  the  accel¬ 
erometer),  it  is  not  suitable  for  calibrating  X 
and  Y  directions.  This  sensitivity  measurement 
of  X  and  Y  axes  requires  a  shaker  whose  mov¬ 
ing  element  is  specifically  designed  for  mount¬ 
ing  triaxial  accelerometers  in  all  three  direc¬ 
tions.  It  is  expected,  however,  that  the  improved 
calibration  shakers  which  have  recently  become 
available  will  be  suitable  for  calibrating  triaxial 
accelerometers. 

The  small  shaker  used  for  calibration  to 
10,000  cps  may  also  be  used  for  resonance  fre¬ 
quency  measurement. 1  ,z  This  shaker  has  the 
advantage  that  the  lowest  elastic  body  resonance 
of  the  moving  element  is  at  55,000  cps.  As  a 
result  it  is  suitable  for  performing  calibrations 
at  frequencies  to  at  least  10,000  cps.  At  fre¬ 
quencies  near  10,000  cps  the  use  of  fixtures 
between  the  shaker  and  test  accelerometer 
should  be  avoided.  This  requires  that  the 
shaker  moving  element  be  provided  with  several 
mounting  holes  in  order  to  accommodate  the 
variety  of  mounting  studs  used  with  acceler¬ 
ometers. 

For  calibration  purposes,  it  is  good  prac¬ 
tice  to  use  a  shaker  only  at  frequencies  above 
its  rigid  body  resonance  and  below  its  elastic 
body  resonance.  Rigid  body  resonance  is  the 
resonance  frequency  determined  by  the  stiff¬ 
ness  of  its  flexure  system  and  the  weight  of  the 
moving  element.  The  elastic  body  resonance 
is  the  resonance  frequency  determined  by  the 
distributed  spring-mass  characteristic  of  the 
moving  element  alone. 

Excessive  distortion  may  be  present  below 
the  rigid  body  resonance.  Under  certain  cir¬ 
cumstances  this  distortion  produces  calibration 
errors  which  are  not  easily  explained.  To 
avoid  these  errors,  shakers  selected  for  cali¬ 
bration  purposes  should  have  their  rigid  body 
resonance  below  the  operating  frequency  range. 

A  shaker  may  be  used  near  or  above  its 
elastic  body  resonance  if  care  is  taken  to  assure 


R.  Bouche,  "Characteristics  of  Piezoelec¬ 
tric  Accelerometers,"  Test  Engineering  (Oct. 
1962),  pp.  16-18,  22,  24,  and  38. 

2r.  R.  Bouche,  "Instruments  for  Shock  and  Vi¬ 
bration  Measurements,"  Experimental  Tech¬ 
niques  in  Shock  and  Vibration,  ASME  (1962), 
pp.  71-80. 


that  there  is  no  relative  motion  between  the  test 
and  standard  accelerometers  and  that  the  ap¬ 
parent  weight,  as  seen  by  each  accelerometer, 
is  sufficiently  large.  Considerable  experience 
is  required  in  using  a  particular  shaker  near 
the  elastic  body  resonance  to  assure  that  these 
two  requirements  are  met.  True  resonance 
frequency  of  an  accelerometer  is  obtained  only 
when  the  structure  apparent  weight  is  large 
compared  to  the  mass  element  in  the  acceler¬ 
ometer.  If  the  shaker  apparent  weight  is  not  suf¬ 
ficiently  large,  the  resonance  frequency  of  the 
accelerometer  will  increase  with  a  correspond¬ 
ing  improvement  in  frequency  response.  This 
effect  should  not  be  confused  with  the  effect  of 
the  accelerometer  apparent  weight  on  the  struc¬ 
ture  motion  as  discussed  by  Schloss. 3  The  ap¬ 
parent  weight  of  any  mounting  fixtures  must  also 
be  large  enough  to  insure  that  lowest  accelerom¬ 
eter  resonance  frequency  is  determined.  Con¬ 
sequently,  the  deviations  from  flat  frequency 
response  will  always  be  equal  to  or  less  than 
the  deviations  measured  during  calibration. 

It  is  also  important  when  using  shakers  for 
calibration  purposes,  to  avoid  frequencies  where 
excessive  transverse  motion  is  present.  The 
shaker  employed  in  two  of  the  calibrators  ex¬ 
hibits  transverse  motion  peaks  near  900,  2400, 
and  3200  cps  similar  to  those  shown  in  Ref.  4. 

It  can,  however,  be  used  as  long  as  these  few 
frequencies  are  avoided.  Shakers  which  show 
considerably  improved  transverse  motion  char¬ 
acteristics  have  recently  become  available. 

There  is  still  need,  however,  for  a  reasonably 
priced  small  calibration  shaker  with  both  good 
transverse  motion  characteristics  and  high  fre¬ 
quency  capability  which  is  suitable  for  calibrat¬ 
ing  all  accelerometers. 


Error  Analyses 


Table  1  lists  the  various  errors  which  oc¬ 
cur  in  reciprocity  calibration  of  a  standard  at 
50  cps.  They  are  comparable  to  the  errors  ex¬ 
perienced  at  NBS  when  calibrating  standards.5 
Errors  are  minimized  because  a  shaker  is  se¬ 
lected  in  which  the  phase  shift  is  exactly  0  or 
90  degrees  between  the  driver  coil  and  velocity 


3F.  Schloss,  "Inherent  Limitations  of  Acceler¬ 
ometers  for  High-Frequency  Vibration  Meas¬ 
urements,"  J.  Acoust.  Soc.  Am.,  33,  4  (1961), 
p.  539. 

4R.  R.  Bouche,  "Improved  Standard  for  the  Cali¬ 
bration  of  Vibration  Pickups,"  Experimental 
Mechanics,  1,  4,  (1961),  pp.  116-121. 

5S.  Levy  and  R.  R.  Bouche,  "Calibration  of  Vi¬ 
bration  Pickups  by  the  Reciprocity  Method," 
Journal  of  Research,  National  Bureau  of  Stand¬ 
ards,  57,  4,  (1956),  pp.  227-242. 
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TABLE  1 

Analysis  of  Sensitivity  Errors  for  Reciprocity  Primary 
Standards  Calibrated  at  50  cps 


Measurement 

Error  (%) 

Electrodynamic 
Velocity  Coil 

Piezoelectric 

Accelerometer 

Mass 

0.05 

Transfer  admittance  intercept 

0.2a 

Distortion 

0.1 

wMt, 

Voltage  ratio 

0.2b 

0.2a 

Frequency 

0.05 

0.05 

Amplitude  Linearity 

0.0 

0.0 

Environmental  effects  (temperature, 

0.0 

0.2 

acoustic,  etc.) 

Estimated  errorc 

0.3 

0.4 

aAssumes  90-degree  phase  shift. 

^Assumes  zero-degree  phase  shift. 

cDetermined  from  the  root-mean- square  of  the  individual  errors  listed  in  this 
table. 


coil  or  piezoelectric  accelerometer  output.  The 
estimated  error  for  these  calibrations  is  deter¬ 
mined  from  the  square  root  of  the  sum  of  the 
squares  of  the  individual  measurement  errors. 
Experience  indicates  that  the  repeatability  of 
the  reciprocity  calibration  is  comparable  to 
this  estimated  error. 

After  the  piezoelectric  accelerometer  is 
reciprocity  calibrated  at  50  cps,  it  is  calibrated 
from  10  to  10,000  cps  by  direct  comparison  to 
an  accelerometer  that  has  been  previously  cali¬ 
brated  at  NBS.  The  velocity  coil  is  also  cali¬ 
brated  with  reference  to  the  NBS  calibrated 
standard,  but  only  at  50  cps,  the  frequency  at 
which  it  is  used.  The  error  analysis  in  Table  2 
includes  the  error  of  1  and  2  percent  achieved 
by  NBS.  The  voltage  ratio  error  is  larger 
above  4000  cps  because  the  test  and  standard 
accelerometers  must  be  mounted  consecutively 
on  the  small  shaker.  Below  4000  cps  a  larger 
shaker  is  used  which  permits  use  of  the  back- 
to-back  fixture  and  simultaneous  readings  of 
two  standard  accelerometers. 

Table  3  is  the  error  analysis  of  test  accel¬ 
erometer  sensitivity  obtained  when  using  the 
standards  described  above.  In  addition  to  reci¬ 
procity  and  comparison  calibrations  of  the 
standard,  the  piezoelectric  accelerometer 
standards  are  calibrated  by  the  optical  method 
at  5  cps.  The  error  for  this  calibration  is  0.9 
percent  as  listed  in  Table  3.  The  estimated 
errors  applicable  to  the  test  accelerometer 
sensitivity  at  various  frequencies  are  listed  in 


the  last  five  lines  of  the  table.  These  errors 
are  determined  by  taking  the  root  mean  square 
of  the  individual  errors  listed  in  Table  3  which 
correspond  to  applicable  frequencies.  The  esti¬ 
mated  error  in  the  sensitivity  at  50  cps  does  not 
exceed  1  percent,  which  is  comparable  to  the 
error  estimated  on  calibration  performed  at 
NBS.  The  error  at  the  other  frequencies  are 
up  to  0.7  percent  larger  than  the  error  at  NBS. 

Instead  of  referring  to  the  detailed  errors 
in  the  Tables,  the  following  simplified  statement 
of  errors  is  used.  The  estimated  error  of  the 
test  accelerometer  sensitivity  does  not  exceed 
1.5  percent  at  frequencies  up  to  900  cps,  2.5 
percent  up  to  4000  cps,  and  3  percent  up  to 
10,000  cps.  These  errors  are  obtained  by 
grouping  the  root -mean -square  values  in  Tables 
2  and  3  and  rounding  off  to  the  next  higher  0.5 
percent. 


AMPLITUDE  LINEARITY 
CALIBRATOR 

The  amplitude  linearity  calibrator  is  shown 
in  Fig.  4.  High  accelerations  are  achieved  with 
a  resonance  beam  attached  to  a  10-lb-force- 
rated  shaker.  The  moving  element  of  the  shaker 
is  sufficiently  small  so  that  the  beam  resonates 
at  its  fundamental  free-free  mode.  The  beam  is 
specially  designed  with  a  clamping  fixture  to 
minimize  stress  concentrations  on  the  beam  and 
avoid  excessive  fatigue  failure.  The  design  of 
the  beam  with  this  particular  shaker  results  in 
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TABLE  2 

Analysis  of  Frequency  Response  Errors  for  Primary  Ac¬ 
celerometer  Standards  Calibrated  from  10  to  10,000  cps 


Measurement  (cps) 

Error  (%) 

NBS  calibrated  standard  (10-900) 

1.0 

NBS  calibrated  standard  (900-10,000) 

2.0 

Relative  motion  (900-4000) 

0.5 

Relative  motion  (4000-10,000) 

1.0 

Voltage  ratio  (10-4000) 

0.2 

Voltage  ratio  (4000-10,000) 

0.4 

Estimated  error  (10-900) 

1.0a 

Estimated  error  (900-4000) 

2.ia 

Estimated  error  (4000-10,000) 

2.3a 

aDetermined  from  the  root-mean- square  of  the  individual 
errors. 


TABLE  3 

Estimated  Error  of  Sensitivity  and  Frequency  Response  Calibrators 


Error  (%) 

Measurement  (cps) 

Velocity  Coil 
Standard4 

Accelerometer- 

Accelerometer 

Voltage  Amplifier 

Charge  Amplifier 

Standard 

Standard 

Standard  Sensitivity: 

(50) 

0.3 

0.4 

0.4 

(5) 

- 

0.9 

- 

(10-900) 

- 

1.0 

1.0 

(900-4000) 

- 

2.1 

2.1 

(4000-10,000) 

- 

2.3 

- 

Voltage  Ratio: 

(5-4000) 

0.2 

0.2 

0.2 

(4000-10,000) 

- 

0.4 

- 

Relative  Motion: 

(900-4000) 

- 

0.5 

0.5 

(4000-10,000) 

- 

1.0 

- 

External  capacity 

0.5 

0.5 

0.25 

Amplifier  gain 

0.2 

0.2 

0.7 

Amplifier  freq.  response 

- 

0.5 

0.5 

Frequency 

Environmental  effects  (temp., 

0.1 

~ 

acoustic,  etc.) 

0.5 

0.5 

0.5 

Estimated  error: 

(50) 

0.8b 

0.9b 

1.0b 

(5) 

(10-900) 

_ 

1.3? 

1<5b 

1.5b’c 

(900-4000) 

- 

2.3b 

2.4b,c 

(4000-10,000) 

- 

2.7b 

" 

aUsed  at  50  cps  only. 

^Determined  from  the  root-mean-square  of  the  applicable  individual  errors. 
cCalibrator  normally  used  from  20-4000  cps. 

^Amplifier  specially  calibrated  and  adjusted. 
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Fig.  4  -  Amplitude  linearity  calibrator  and  block  diagram 


a  resonance  frequency  of  approximately  220 
cps.  With  this  beam,  many  hours  of  operation 
at  100  g  can  be  obtained  before  fatigue  failure 
of  the  beam  occurs.  Operation  at  up  to  200  g 
can  also  be  performed  with  somewhat  lesser 
beam  life.  This  design  is  particularly  advan¬ 
tageous  in  that  there  is  no  relative  motion  be¬ 
tween  the  test  and  standard  accelerometers. 

The  standard  accelerometer  is  mounted  at  the 
opposite  end  of  the  shaker  moving  element  from 
the  beam.  If  desired,  a  back-to-back  fixture 
may  be  used.  Both  the  test  and  standard  accel¬ 
erometers  are  then  mounted  on  the  fixture  and 
the  fixture  may  be  attached  either  on  the  beam 
or  on  the  opposite  end  of  the  moving  element. 

Figure  4  also  shows  a  block  diagram  of  the 
100-g  calibrator.  The  decade  capacities  and 
the  voltage  divider  are  adjusted  until  the  out¬ 
puts  from  the  test  and  standard  accelerometers 
are  equal  at  10  g,  as  indicated  by  the  VTVM. 

The  applied  acceleration  is  then  increased  to 
the  desired  level  while  the  frequency  is  adjusted 
to  the  beam  resonance.  Amplitude  linearity 
deviation  is  determined  from  the  change  in  volt¬ 
age  reading  obtained  by  switching  the  voltmeter 


from  the  standard  accelerometer  output  to  the 
test  accelerometer  output. 

The  estimated  error  in  measuring  ampli'ude 
linearity  deviation  on  this  calibrator  does  not 
exceed  1  percent.  The  standard  accelerometer 
is  previously  calibrated  by  one  of  the  absolute 
calibration  methods.  The  optical  method  may 
be  used  at  accelerations  near  100  g.  In  addition, 
the  amplitude  linearity  of  the  standard  acceler¬ 
ometer  may  be  verified  by  calibrating  at  higher 
accelerations  on  a  shock  calibrator.  One  such 
device;  described  in  Ref.  6,  is  suitable  for 
calibration  up  to  10,000  g. 


TEMPERATURE  RESPONSE 
CALIBRATOR 

The  temperature  response  calibrator  shown 
in  Fig.  5  is  used  for  calibrations  from  -300°  to 
+7  50  r .  These  calibrations  are  usually  performed 


^R.  R.  Bouche,  "The  Absolute  Calibration  of 
Pickups  on  a  Drop-Ball  Shock  Machine  of  the 
Ballistic  Type,"  Proc.  IES  (1961),  pp.  115-121. 
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Fig.  5  -  Temperature  response  calibrator  and  block  diagram 


at  a  single  frequency.  A  comparison  method 
is  used  in  which  the  standard  accelerometer  is 
kept  at  room  temperature  outside  the  tempera¬ 
ture  chamber.  The  operation  of  the  calibrator 
is  similar  to  that  of  the  amplitude  linearity 
calibrator.  The  standard  accelerometer  is 
mounted  to  the  shaker  moving  element  at  the 
end  opposite  from  the  test  accelerometer.  The 
shaker  is  operated  in  the  vertical  direction. 

A  ceramic  rod  is  attached  to  the  top  of  the 
moving  element  and  passes  through  the  wall 
of  the  chamber.  A  steel  fixture  with  thermo¬ 
couple  inserted  is  attached  to  the  top  of  the 
ceramic  rod  and  the  test  accelerometer  is 
mounted  on  the  fixture.  Chamber  temperature 
is  automatically  controlled  by  the  output  of 
the  thermocouple. 

The  block  diagram  of  the  calibrator  is 
also  shown  in  Fig.  5.  The  shaker  is  vibrated 
at  approximately  3  g.  In  practice  up  to  four 
accelerometers  maybe  calibrated  simultane¬ 
ously  by  using  a  larger  mounting  fixture  and 
additional  amplifier -voltmeters  for  each  ac¬ 
celerometer.  The  standard  accelerometer  is 
monitored  to  insure  that  the  acceleration  level 
remains  unchanged  during  the  calibration  pro¬ 
cedure.  Since  the  standard  accelerometer  is 
at  the  bottom  of  the  shaker,  it  remains  at  room 
temperature.  The  sensitivity  deviation  at  each 
temperature  is  indicated  by  the  changes  in 
voltmeter  readings  for  each  test  accelerometer. 

Three  sources  of  error  are  present  in  per¬ 
forming  this  calibration.  First,  the  error  in 
maintaining  constant  acceleration  which 
throughout  the  calibration  is  approximately 
0.5  percent.  Second,  the  scale  reading  of  the 
voltmeter  for  the  test  accelerometer  may  be 
in  error  up  to  ±  2  percent  if  readings  at  all 
temperatures  are  made  on  the  same  range. 


The  third  source  of  error  is  the  combined  effect 
of  the  temperature  response  of  the  particular 
accelerometer  being  calibrated  and  the  accu¬ 
racy  of  the  temperature  measurement.  More 
specifically  it  is  determined  by  the  rate  of 
change  of  the  test  accelerometer  output  with 
respect  to  temperature.  The  temperature  is 
measured  by  the  thermocouple  output  on  a  po¬ 
tentiometer  to  within  the  accuracy  of  the 
thermocouple.  For  most  accelerometers,  the 
estimated  total  calibration  error  is  less  than 
5  percent. 

This  calibrator  is  designed  primarily  for 
use  in  the  frequency  range  from  50  to  200  cps. 
The  frequency  range  is  extended  down  to  5  cps 
by  inserting  a  dc  bias  voltage7  on  the  driving 
coil  of  the  shaker  to  support  the  weight  of  the 
moving  element  and  accelerometer  and  by  re¬ 
moving  the  stiff  flexure  plates  normally  used 
on  the  shaker.  The  frequency  range  may  be  ex¬ 
tended  to  4000  cps  by  using  a  back-to-back  cali¬ 
bration  fixture  inside  the  chamber.  Extreme 
care  must  be  used  here.  The  standard  accel¬ 
erometer  must  have  small  output  deviations 
over  the  temperature  range  of  intended  calibra¬ 
tion.  In  addition  frequencies  where  transverse 
motion  is  present  must  be  avoided. 


COMBINED  ENVIRONMENTAL 
CALIBRATIONS 

The  state  of  the  calibration  art  is  not  yet 
sufficiently  developed  to  permit  combined  cali¬ 
brations  of  temperature  response  and  amplitude 
linearity  over  the  entire  frequency  range  of 


7B.  Reznek,  "Elimination  of  Static  Shaker  De¬ 
flections  by  D.  C.  Armature  Biasing,"  Proc. 
IES  (1963),  pp.  425-432. 
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operation  of  all  vibration  pickups.  Fortunately, 
accurate  calibrations  can  be  achieved  by  per  - 
forming  Ihe  amplitude  linearity  and  temperature 
response  calibrations  at  a  single  frequency  as 
described  above  and  then  combining  the  results 
analytically  with  sensitivity  and  frequency  re¬ 
sponse  calibration  data.  This  procedure  is 
recommended  for  vibration  pickups  with  small 
internal  damping  which  are  not  used  near  their 
resonance  frequency.  It  is  particularly  suitable 
for  piezoelectric  accelerometers  which  have 
almost  zero  damping  and  are  normally  used  at 
frequencies  below  1/5  of  their  resonance  fre¬ 
quency.  Although  very  small  changes  in  inter¬ 
nal  damping  and  resonance  frequency  probably 
occur  at  temperature  extremes,  these  changes 
have  no  effect  on  response  below  1/5  the  accel¬ 
erometer  resonance  frequency. 

Other  vibration  pickups  which  are  normally 
used  near  their  resonance  frequency  require 
combined  amplitude  linearity  and  temperature 
response  calibrations.  (See  Fig.  15.23  in  Ref.  8.) 
Fortunately,  the  transducer  types  which  require 
combined  environmental  calibration  are  nor¬ 
mally  used  only  at  frequencies  up  to  a  few  hun¬ 
dred  cps,  and  the  special  back-to-back  fixture 
need  not  be  employed.  If  combined  temperature 
and  frequency  response  calibration  is  attempted 
at  frequencies  above  several  hundred  cps,  the 
calibration  results  are  frequently  a  measure  of 
calibration  error  and  not  of  accelerometer 
performance. 

Since  the  internal  resistance  of  piezoelec¬ 
tric  accelerometers  decreases  at  elevated 


Q 

R.  R.  Bouche. 11  Inductive -Type  Pickups,"  Shock 
and  Vibration  Handbook  (McGraw  Hill  Book 
Company,  Inc.,  New  York,  N.  Y.,  1961),  Vol.  1,- 
Chap.  15,  pp.  15-16. 


temperatures,  this  may  affect  the  response  of 
the  associated  amplifier  at  frequencies  below 
50  cps.  For  this  reason,  it  is  sometimes  de¬ 
sirable  to  verify  the  response  at  temperature 
of  the  accelerometer-amplifier  system  at  fre¬ 
quencies  as  low  as  5  cps.  The  combined 
temperature -low  frequency  calibration  may  be 
omitted  if  the  resistance  of  the  accelerometer 
is  measured  at  the  maximum  operating  tem¬ 
perature  and  the  low  frequency  characteristics 
of  the  amplifier  are  known. 


CONCLUSIONS 

The  calibrators  described  in  this  paper  are 
suitable  for  verifying  the  characteristics  of  vi¬ 
bration  pickups  for  use  in  most  vibration  meas¬ 
uring  applications.  The  three  calibrators  de¬ 
scribed  for  sensitivity  and  frequency  response 
measurements  are  representative  of  the  prog¬ 
ress  made  in  these  calibrations  over  the  past 
several  years.  The  calibrator  equipped  with 
the  velocity  coil  and  reciprocity  calibrated  ac¬ 
celerometer  is  capable  of  performing  calibra¬ 
tions  comparable  to  those  available  at  the 
National  Bureau  of  Standards.  The  calibrator 
equipped  with  piezoelectric  accelerometer  and 
charge  amplifiers  is  the  simplest  to  operate  yet 
maintains  accuracies  similar  to  the  other  sen¬ 
sitivity  calibrators  described. 

The  amplitude  linearity  and  temperature  re¬ 
sponse  calibrators  are  used  at  frequencies  up  to 
several  hundred  cps.  The  amplitude  linearity, 
temperature  response,  sensitivity,  and  frequency 
response  calibration  results  can  be  combined 
analytically  without  sacrificing  overall  accuracy. 
It  is  not  normally  necessary  to  perform  these 
calibrations  simultaneously .- 


DISCUSSION 


Mr.  Mangolds  (RCA):  If  you  calibrate  up 
to  50,0ti0  cycles,  how  do  you  mount  two  accel¬ 
erometers  together  back-to-back? 

Dr.  Bouche:  The  calibrations  we  performed 
up  to  50,000  cycles  were  done  on  the  little  cali¬ 
brator  that  I  mentiorfed.  We  measured  the  reso¬ 
nance  frequency  of  the  accelerometer  for  the 
particular  type  of  mounting  for  which  the  accel¬ 
erometer  was  to  be  used.  If  a  steel  stud,  or 
cementing  technique  was  to  be  used,  we  meas¬ 
ured  the  resonance  frequency  under  those  con¬ 
ditions.  When  using  insulated  studs,  for  exam¬ 
ple,  the  resonance  frequency  would  be  lower, 


and  that  is  the  resonance  frequency  that  would  be 
applicable  for  that  particular  situation.  So,  as  in¬ 
dicated  in  your  paper,  the  response  does  go  up  when 
using  insulated  studs.  It  goes  up  to  frequencies 
near  5  or  10  kc ,  and  that  is  an  indication  that  if  you 
are  interested  in  using  an  accelerometer  in  this 
frequency  range,  you  should  select  one  which  has  a 
higher  resonance  frequency,  and  therefore,  would 
have  the  response  that  you  wanted,  5  or  10  kc . 

Mr.  Schloss  (David  Taylor  Model  Basin): 
Have  you  performed  high  frequency  calibrations 
on  different  calibrators  and  obtained  consistent 
results? 
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Dr.  Bouche:  In  general,  results  obtained  on 
different  calibrators  are  consistent.  This  was 
demonstrated  both  by  shock  motion  and  sinusoi¬ 
dal  motion  calibrations.  Resonance  frequency 
measurements  on  a  2225  accelerometer  using 
the  mechanical  excitation  of  a  half-sine  pulse 
applied  to  a  steel  anvil,  indicated  a  resonance 
frequency  of  80  kc.  The  same  value  was  ob¬ 
tained  when  using  a  magnesium  anvil.  Similar 
results  were  obtained  on  other  model  accelero¬ 
meters  having  lower  resonance  frequencies, 
e.g.,  the  2224  accelerometer  with  a  25-kc  reso¬ 
nance  frequency.  These  experimental  results 
do  not  follow  the  theory  presented  in  your  paper, 
Ref.  3  above,  which  indicates  that  lower  reso¬ 
nance  frequencies  should  have  been  obtained. 

Sinusoidal  calibration  results  are  similar 
to  those  obtained  with  shock  motion  excitation. 
High  frequency  sinusoidal  calibrations  are  per¬ 
formed  on  a  variety  of  shakers  using  steel  and 
aluminum  mounting  surfaces.  As  an  example, 
the  response  of  a  2231  accelerometer  was 
within  4  percent  at  10  kc  on  two  different  cali¬ 
brators  using  comparison  and  interferometric 
techniques.  This  agreed  closely  with  the  theo¬ 
retical  response  corresponding  to  the  50-kc 
resonance  frequency  of  the  accelerometer. 


Accurate  high  frequency  sinusoidal  calibrations 
are  obtained  by  meeting  two  requirements.  The 
first  requirement  is  that  there  be  no  relative 
motion  between  the  standard  and  test  acceler¬ 
ometers.  Secondly,  it  is  necessary  for  the  me¬ 
chanical  impedance,  as  seen  by  the  accelerom¬ 
eters,  to  be  large  compared  to  the  mechanical 
impedance  of  the  mass  element  in  the  acceler¬ 
ometer.  These  two  requirements  are  achieved 
readily  by  using  a  high  frequency  shaker  where 
the  point  and  transfer  mechanical  impedances 
of  the  moving  element  are  constant  throughout 
the  range  of  calibration  frequencies. 

Mr.  Schwartz  (USN  Marine  Engineering 
Lab.):  My  question  has  to  do  with  your  high 
temperature  calibration.  You  mentioned  that 
your  first  accelerometer  was  mounted  on  one 
end  of  a  ceramic  rod  and  the  standard  on  the 
other.  How  do  you  take  into  account  the  com¬ 
pression  wave  effects  in  this  rod? 

Dr.  Bouche:  We  perform  the  calibration 
only  at  frequencies  below  200  cps.  In  the  few 
cases  where  we  do  attempt  high-frequency,  high- 
temperature  calibrations  we  use  a  back-to-back 
fixture  inside  the  oven  with  a  standard  acceler¬ 
ometer  of  known  temperature  characteristics. 

* 
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A  PEAK  SHOCK  VELOCITY  RECORDER  FOR 
STUDYING  TRANSPORTATION  HAZARDS 

M.  Gertel 

MITRON  Research  and  Development  Corp. 


This  paper  describes  a  self-contained  shock  recorder  package  capable 
of  recording  10,000  impact  shocks  or  operating  for  30  days  unattended, 
whichever  occurs  first.  This  and  similar  packages  will  be  shipped 
varying  distances  by  several  routine  methods  to  obtain  data  for  a 
statistical  study  of  shipping  and  handling  shock  conditions. 


INTRODUCTION 

It  has  long  been  recognized  that  transpor¬ 
tation  environments  should  be  defined  on  a 
statistical  basis.  Conceptually,  this  would 
make  it  possible  to  establish  an  optimum  de¬ 
gree  of  protective  packaging  for  shipping  deli¬ 
cate  precision  equipment  and  other  fragile 
items.  In  concept,  the  optimum  would  be  based 
on  trade-off  considerations  between  the  cost  of 
damage  versus  the  cost  of  protective  packaging. 

The  effective  execution  of  a  statistically 
based  transportation  hazards  study  has  been 
hampered  till  now,  as  may  be  inferred  from 
Refs.  1  to  4,  by  the  following: 

1.  Indecision  as  to  appropriate  shock 
parameters  to  measure 

2.  Lack  of  reliable,  compact,  self-contained 
and  accurate  shock  instrumentation  and  re¬ 
corders  capable  of  long  unattended  operation. 

Simple  but  effective  solutions  to  both  of  these 
problems  have  now  been  determined  as  part  of 


^D.  A.  Fermage,  "Transportation  Shock  and 
Vibration  Studies,"  Final  Report  on  Contract 
No.  DA-44-009  eng  460  Engineer  Research  and 
Development  Laboratories,  Fort  Belvoir, 
Virginia  (1950). 

2D.  R.  Craig  and  H.  S.  Youngs,  "Design  Objec¬ 
tives  for  Package  ShockRecording  Instrumenta¬ 
tion,"  Shock  and  Vibration  Bull.  No.  20  (1953), 
pp,  160-171. 

3k.  W.  Bull  and  C.  F.  Kossack,  "Measuring 
Field  Handling  and  Transportation  Conditions," 
WADD  Technical  Report  60-4  (Feb.  I960). 

4r.  W.  Saxton,  "Evaluation  of  Commercially 
Available  Portable  Impact  Recorders,"  Nor¬ 
throp  Corporation  Report  NOR  62-70  on  Con¬ 
tract  No.  NOw  61-0689-c  (May  1962). 


a  continuing  Army  study  involving  the  determina¬ 
tion  of  criteria  to  be  used  in  shipping  container 
design  and  testing  applications.  The  detailed 
analyses  and  results  of  the  initial  phases  of 
this  program  are  presented  in  Ref.  5.  The  re¬ 
sults  which  are  pertinent  to  a  statistical  study 
of  transportation  shocks  are  presented  here. 

The  peak  velocity,  i.e.,  the  time  integral  of 
a  shock  acceleration-time  history,  has  been 
determined  in  Ref.  5  to  be  the  most  important 
parameter  to  monitor  during  studies  of  shipping 
shock  conditions.  Accordingly,  a  self-contained 
shock  velocity  recorder  package  has  been  de¬ 
veloped  for  the  U.  S.  Army  Natick  (Mass.)  Labo¬ 
ratories,  a  field  agency  of  the  Army  Material 
Command.  This  and  similar  packages  will  be 
shipped  varying  distances  by  a  variety  of 
routine  methods  to  obtain  data  for  a  statistical 
study  of  peak  impact  velocity  shock  conditions 
prevalent  during  shipping  and  handling.  The 
system  has  a  recording  capability  of  10,000 
impact  shocks  or  1  year  of  unattended  operation, 
whichever  occurs  first.  The  results  of  a  trial 
500  mile  shipment  are  presented  here. 


CONSIDERATIONS  PERTINENT  TO  MEAS¬ 
URING  SHOCK  VELOCITY  IN  SHIPPING 
STUDIES 

The  major  hazard  anticipated  during 
shipping  is  that  of  dropping  the  shipped  item 


^M.  Gertel  and  D.  Franklin,  "Determination  of 
Container  Design  Criteria  -  Summary  Report 
No.  I,"  MITRON  Research  &  Development  Cor¬ 
poration  Report  601-5  on  Quartermaster  Re¬ 
search  &  Engineering  Command  Contract  No. 
DA  19-129-QM  2082  (OI  6150)  (Aug.  1963). 
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during  handling  operations.  The  analysis  of 
such  drop  shock  conditions  as  applied  to  the 
design  of  protective  cushioning  provides  a 
technical  basis  for  specifying  shock  velocity  as 
the  key  input  design  parameter.  The  protection 
problem  is  normally  analyzed  by  considering 
that  the  impact  kinetic  energy  (1/2  mv2)  of  the 
item  is  transformed  into  stored  or  potential 
energy  in  the  cushioning  material  after  ground 
impact.  This  simplified  and  practical  analytical 
approach,  in  effect,  creates  a  single  degree-of- 
freedom  problem  which  presumes  that  the  shock 
impact  duration  of  the  outer  container  is  very 
short  relative  to  the  natural  period  of  the  cush¬ 
ioning  and  hence  will  have  no  effect  on  the 
cushioning  shock  deflection.  This  simplifica¬ 
tion  can  be  readily  introduced  because  the  vast 
majority  of  drop  shock  conditions  involve  hard 
impact  surfaces  with  resulting  shock  (velocity 
change)  durations  on  the  order  of  1  millisecond. 
In  some  instances  durations  up  to  as  high  as  10 
milliseconds  may  be  observed. 

In  the  aforementioned  shock  cushioning 
design  analysis,  the  impact  kinetic  energy 
(which  is  proportional  to  the  square  of  the  im¬ 
pact  velocity)  represents  the  "input”  condition 
while  the  cushioning  deflection  represents  the 
"response".  Once  the  input  velocity  has  been 
identified  or  specified,  it  is  a  relatively  simple 
design  problem  to  select  an  appropriate  cush¬ 
ioning  stiffness  to  limit  the  forces  transmitted 


to  the  item.  Accordingly,  any  study  of  trans¬ 
portation  hazards  must  strive  to  quantitatively 
define  impact  velocity  in  order  to  initiate  the 
cushioning  design  problem.  Preferably,  the 
impact  velocity  should  be  defined  on  a  statis¬ 
tical  basis  to  permit  trade-off  considerations 
between  costs  for  protection  against  damage 
versus  the  cost  of  possible  damage. 


SHOCK  VELOCITY  TRANSDUCER 

Figure  1  shows  a  four  coordinate  nomog¬ 
raph  with  shock  spectrum  (peak)  responses 
plotted  for  five  different  half-sine  acceleration 
pulses  embodying  the  same  velocity  change  but 
with  different  durations.  The  velocity  change 
of  each  of  the  pulses  depicted  in  Fig.  1  is  215 
ips,  which  corresponds  to  the  impact  velocity 
of  a  5-foot  free  fall.  Each  of  the  five  curves 
is  asymptotic  to  the  2 15 -ips  velocity  line  at 
extremely  low  frequencies.  The  frequency  at 
which  each  "pulse"  curve  becomes  asymptotic 
to  215  ips  is  interpreted  as  the  highest  permis¬ 
sible  natural  frequency  which  a  transducer 
could  have  and  still  accurately  measure  the 
velocity  change  embodied  in  that  particular 
acceleration  pulse.  It  will  be  further  noted  in 
Fig.  1  that  as  the  transducer  natural  frequency 
increases,  the  instrument  response  for  the  dif¬ 
ferent  durations  departs  from  the  constant  ve¬ 
locity  line  and  eventually  oscillates  slightly 


0.1  1  10  100  1000 
TRANSDUCER  NATURAL  FREQUENCY  (CPS) 


Fig.  1  -  Response  of  velocity  shock  recorder  to 
half-sine  pulses  of  various  durations 
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about  a  line  representing  constant  acceleration. 
In  this  region,  which  is  representative  of  trans¬ 
ducers  with  high  natural  frequency,  the  deflec¬ 
tion  response  of  the  instrument  is  proportional 
to  acceleration. 

Figure  0  shows  a  self-generating  electro¬ 
dynamic  (coil  and  magnet)  velocity  transducer 
which  was  made  for  the  study  of  transportation 
shock  hazards  described  in  Ref.  5.  The  trans¬ 
ducer  magnet  slides  over  the  coil  and  is  spring 
mounted  with  a  natural  frequency  of  10  cps. 

The  length  of  the  coil  allows  for  magnet  shock 
displacements  of  ±3.5  inches.  This  transducer 
has  a  capability  of  accurately  recording  the 
shock  velocity  of  half-sine  acceleration  pulses 
with  durations  as  long  as  0.040  seconds  approxi¬ 
mately  (refer  to  Fig.  1).  Based  on  experience 
noted  earlier,  this  magnitude  of  shock  duration 
far  exceeds  the  probable  short  shock  pulse 
durations  likely  to  be  encountered  in  shipping. 


SHOCK  RECORDER 

The  shock  recorder  system  is  comprised 
of  three  mutually  perpendicular  self- generating 
velocity  transducers  whose  signal  outputs  are 
recorded  on  three  channels  of  a  four  channel 
magnetic  tape  recorder.  The  fourth  channel  is 
used  for  a  time  code  signal.  The  shock  re¬ 
corder  tape  drive  system  is  battery  powered, 
and  is  designed  to  record  shock  pulses  only 
when  the  impact  velocity  exceeds  a  preset  level 


corresponding  to  a  2-inch  free  drop.  The 
maximum  capability  is  a  5-foot  free  drop.  Fig¬ 
ure  3  shows  the  system  assembled  in  an  alumi¬ 
num  framework  in  preparation  for  a  shipping 
test.  Figure  4  shows  a  closeup  view  of  the  tape 
recorder  portion  of  the  system.  The  prototype 
recorder  is  6  x  6  x  4  inches.  Smaller  units 
have  now  been  built. 

The  recorder  steps  the  tape  approximately 
0.1  inch  for  each  shock  input.  Thus,  the  record 
is  not  a  time  history  but  rather  the  waveform 
is  condensed  into  a  simple  "spike”  from  which 
the  peak  can  be  readily  determined  electro¬ 
nically  or  by  playback  into  an  oscillograph. 
Based  upon  0.1  inch  of  tape  required  for  each 
shock,  a  100  foot  reel  of  magnetic  tape  will 
have  a  recording  capability  of  well  in  excess  of 
10,000  impacts.  Inasmuch  as  the  battery  drives 
the  tape  stepping  motor  on  an  interm ittant 
basis,  the  battery  power  drain  is  very  low.  Ac¬ 
cordingly,  the  recorder  life  in  a  remote  shipping 
and  storage  operation  is  very  nearly  the  same 
as  the  shelf  life  of  the  battery. 


TRIAL  SHIPMENT 

To  provide  evidence  of  the  reliability  of 
operation  of  the  velocity  shock  recorder  system 
under  actual  field  conditions,  the  prototype  sys¬ 
tem  (shown  in  Fig.  3)  was  shipped  on  approxi¬ 
mately  a  500-mile  round  trip.  The  framework 
(shown  in  Fig.  4)  was  placed  in  a  3/4 -inch 


Fig.  2  -  Operational  prototype  shock  velocity  transducer 
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«  7 

Fig.  3  -  Aluminum  frame  with  transducers 
and  tape  recorder  box 


Fig.  4  -  Operational  prototype  magnetic 
tape  recorder 
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Fig.  5  -  Shipping  container 


thick  plywood  box  and  then  packaged  in  corru¬ 
gated  fiberboard.  The  complete  package 
weighed  51  pounds  and  was  a  14 -in.  cube  in 
size.  Figure  5  shows  the  package  after  the 
shipping  test. 


were  repeated  to  verify  that  the  system  was 
still  operative.  The  system  responded  perfectly 
with  no  indicated  change  in  calibration.  For 
convenience,  the  system  calibration  was  ob¬ 
tained  as  a  plot  of  the  velocity  transducer  out¬ 
put  in  millivolts  as  a  function  of  drop  height. 

The  calibration  of  each  transducer  is  adjusted 
to  be  the  same  and  is  shown  in  Fig.  6. 

Figure  7  shows  an  oscillographic  playback 
of  the  shocks  recorded  during  the  trial  shipment. 
It  is  of  interest  to  note  that  both  positive  (right 
side  up)  and  negative  (upside  down)  shocks,  as 
well  as  sidewise  and  forward  shocks  were 
recorded. 

The  results  of  the  trial  shipping  data  of 
Fig.  7  are  presented  as  a  histogram  plot  of 
number  of  occurrences  versus  drop  height  in 
Fig.  8.  The  present  sample  size  is  too  limited 
to  perform  any  quantitative  analysis.  In  a  qual¬ 
itative  sense,  however,  it  seems  significant  that 
approximately  25  percent  of  the  impacts  were 
directed  along  the  "upM  axis  of  the  package. 
Moreover,  the  maximum  "up”  shock  was  greater 
than  the  maximum  "down”  shock.  The  histo¬ 
gram  also  has  the  barest  skeleton  indication 
suggesting  a  normal  or  Gaussian  distribution 
with  a  near  zero  mean  drop  height. 


The  trial  shipment  lasted  approximately 
3  weeks  due  to  a  mix-up  which  resulted  in  the 
box  being  accidently  stored  in  a  warehouse  for 
2  weeks  before  being  returned  to  the  sender. 
Immediately  upon  return,  calibration  drop  tests 


CONCLUSIONS 

It  is  deemed  inappropriate  to  perform  any 
more  detailed  analysis  of  the  present  trial  data 
due  to  the  limited  sample  size.  It  is  only  safe 
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Fig.  6  -  Calibration  of  drop  height  vs  millivolts  output 
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Fig.  7  -  Oscilloscope  pictures  of  results  from  shipping  test 


MINIMUM  SENSITIVITY. +2"AND -2" 


Fig.  8  -  Histogram  of  drop  height  vs  frequency  of  occurrence 


to  conclude  that  the  shock  velocity  recorder 
described  herein  has  performed  successfully 
in  a  field  trial  and  will  be  a  useful  instrument  for 
obtaining  valid  statistical  data  on  transportation 


and  handling  conditions.  Further  projected  ap¬ 
plications  for  the  velocity  shock  recorder  are  as  a 
tell  -tale  monitor  to  record  shocks  experienced  by 
critical  equipment  items  during  shipment. 

* 
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THE  USE  OF  STRAIN  GAGES  TO  DETERMINE  TRANSIENT  LOADS 
ON  A  MULTI-DEGREE-OF-FREEDOM  ELASTIC  STRUCTURES* 

F.  R.  Mason 

Lockheed  Missiles  and  Space  Co. 

Sunnyvale,  California 


The  procedure  which  will  be  outlined  was  first  formulated  in  connection 
with  attempts  to  arrive  at  an  optimum  design  for  a  recovery  pole  used 
on  aircraft  as  a  part  of  a  rig  to  effect  the  aerial  recovery  of  parachute- 
borne  re-entry  capsules. 


INTRODUCTION 

The  procedure  which  will  be  outlined  was 
first  formulated  in  connection  with  attempts  to 
arrive  at  an  optimum  design  for  a  recovery 
pole  used  on  aircraft  as  part  of  a  rig  to  effect 
the  aerial  recovery  of  parachute-borne  re-entry 
capsules,  but  it  is  considered  practical  to  ex¬ 
tend  this  technique  to  the  experimental  deter¬ 
mination  of  distributed  transient  loadings  on 
other  types  of  elastic  structures,  such  as  mis¬ 
siles  or  aircraft,  or  plate  structures. 

Two  poles  inclined  downwards  and  outwards 
are  cantilevered  from  the  rear  of  the  aircraft 
to  support  the  rigging  and  the  technique  of  re¬ 
covery  is  for  the  pilot  to  make  a  pass  over  the 
parachute  and  snag  it  in  the  rigging  (see  Fig.  1). 
In  many  cases,  the  ’chute  collides  with  one  of 
the  poles  and  bends  or  breaks  it  resulting,  on 
occasion,  in  the  loss  of  the  payload. 

In  order  to  carry  out  a  theoretical  analysis 
to  determine  the  response  of  the  pole  to  para¬ 
chute  impact,  a  knowledge  of  the  nature  of  the 
time  and  position  varying  load  which  the  ’chute 
applies  to  the  pole  during  the  contact  period  is 
necessary. 


THEORY 

The  state  of  affairs  after  impact  when  the 
’chute  is  sliding  down  the  pole  is  shown  in  Fig. 
2;  and  Fig.  3  shows  the  mathematical  model 
which  is  used  to  describe  the  system.  The 


’■‘This  paper  was  not  presented  at  the  Symposium. 


position  of  the  load  on  the  pole  at  any  time  may 
be  obtained  either  from  high  speed  movie  cov¬ 
erage,  as  was  done  in  this  case,  or  by  assum¬ 
ing  that  the  ’chute  is  travelling  along  the  pole 
at  a  uniform  speed  equal  to  its  velocity  compo¬ 
nent  along  the  pole  prior  to  impact. 

1.  Obtain  time  histories  of  the  bending 
moments  at  several  points  along  the  pole  by  the 
use  of  strain  gages. 

2.  Pole  deflection  at  any  point  x  at  any 
time  t  is  given  by: 

y(x> r)  =  0j(r)  x  Xj(x)  ,  (1) 

where  is  some  unknown  function  of  time  de¬ 
scribing  the  generalized  coordinate  in  the  j  ^ 
normal  mode,  and  X-  describes  the  jth  normal 
mode  shape. 

3.  Bending  moment  at  time  t  (and  point  X) 
is  given  by 

M(x, r)  =  2]]  ^j(r)  x  Ml  j(x)  ,  (2) 

where  Mlj  is  the  unit  moment  at  the  point  x  in 
the  j th  mode. 

4.  Thus,  for  any  given  time,  Eq.  (2)  gives 
the  bending  moment  at  any  point.  If,  for  exam¬ 
ple,  the  bending  moment  is  measured  at  four 
points  we  may  write  down  four  equations  with 
four  unknowns,  namely,  4>x,  02,  03,  and  <p4. 
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Fig.  1  -  Recovery  aircraft  and  rigging 


* - 


Fig.  3  -  Mathematical  model 


5.  Repeating  the  above  process  for  a  large 
number  of  times  yields  a  plot  of  <Pi  vs  time 
from  which  a  plot  of  vs  time  for  each  mode 
may  be  deduced. 


6.  By  use  of  the  following  equation,  the 
value  of  P  at  any  desired  time  may  be  deter¬ 
mined: 

4>.  +  o>.20.  =  (Xj  )a  ,  (3) 

where  R-  is  the  generalized  mass  in  the  j th 
mode  and  (Xj)a  is  the  modal  displacement  in 
the  j th  mode  at  the  load  point  a. 

It  will  be  observed  that  in  the  case  of  a 
point  load,  which  is  presently  being  considered, 
the  parameters  for  any  one  value  of  j  are  all 
that  is  required  to  find  a  complete  time  history 
of  the  load  P .  Thus,  a  good  check  on  the  accu¬ 
racy  of  the  results  may  be  obtained  by  solving 
Eq.  (4)  using  parameters  for  several  values 
of  j. 

An  alternative  method  for  deducing  the 
load-time  history  is  to  use  the  following  equa¬ 
tion: 

V"1  ••  Ml  s(x) 

M(x.r)  =  /  0j(  r)  x  +  P(a-x)  .  (4) 

"j 

where  Mlj  is  the  unit  moment  at  the  point  x  in 
the  jth  mode,  is  the  natural  frequency  in 
the  j th  mode,  a  is  the  position  of  the  load  at 
time  t,  and  P  is  the  unknown  point  load.  This 
equation  is  merely  a  statement  of  the  fact  that 
the  bending  moment  at  any  point  is  equal  to  the 
sum  of  the  moments  of  the  inertia  forces  plus 
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the  moment  of  the  applied  loading  about  that 
point.  This  equation  has  the  advantage  that  the 
terms  within  the  summation  sign  generally  con¬ 
verge  more  rapidly  than  do  those  within  the 
summation  sign  of  Eq.  (2),  and  it  also  disposes 
of  the  necessity  of  deducing  4>i  graphically  from 
a  plot  of  0.  vs  time.  In  fact,  of  course,  P  may 
be  calculated  directly  from  the  set  of  simulta¬ 
neous  equations  which  Eq.  (3)  yields  without  the 
necessity  of  solving  for  <£. . 

On  the  other  hand,  in  the  case  of  a  point 
load,  we  are  increasing  the  number  of  unknowns 
by  one  over  Eq.  (2),  and  hence  reducing  the 
number  of  modes  which  may  be  included  in  the 
computation  by  one  which,  in  turn,  leads  to  a 
degradation  in  accuracy.  For  example  if  we 
have  strain  gage  measurements  at  four  points, 
Eq.  (2)  enables  us  to  find  <plt  <f>2t  <p3>  and  04 


whereas  Eq.  (3)  only  enables  us  to  include  the 
first  three  values  of  4>.  in  the  computation  of 
load  P. 

For  more  than  one  load  the  number  of 
modes  which  may  be  used  is  further  reduced. 


PRACTICAL  APPLICATION  TO 
THE  RECOVERY  POLE 

Three  strain  gages  were  used  and  located 
as  shown  in  Fig.  4.  Values  of  natural  frequen¬ 
cies  and  unit  moments  for  the  first  two  bending 
modes  of  the  pole  were  deduced  using  a  digital 
"lump- spring"  program  and  are  shown  for  the 
three  relevant  stations  —  123,  245,  and  338 
inches  from  the  tip  —  in  Table  1.  The  relevant 
portion  of  the  oscillograph  trace  showing  the 
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Fig.  4  -  Strain  gage  locations 


Fig.  5  -  Oscillograph  traces  showing  bending 
moments  at  three  strain  gage  positions 
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bending  moments  at  the  three  stations  is  shown 
in  Fig.  5.  High-speed  movie  coverage  indicated 
that  the  initial  point  of  contact  of  the  ’chute  on 
the  pole  was  at  147  inches  from  the  tip  and  that 
the  total  contact  time  between  the  'chute  and 
pole  was  0.088  seconds.  Assuming  that  the 
’chute  had  a  uniform  velocity  down  the  pole,  the 
values  of  ’chute  position  for  various  times  shown 
in  Table  2  may  be  deduced.  The  values  of  bend¬ 
ing  moment  are  found  directly  from  the  oscil¬ 
lograph  records  by  using  the  appropriate  cali¬ 
bration  factors. 


TABLE  1 


Station 

Mlj 

mi2 

MIj/ciJj2 

123 

97.4 

925 

3.36 

2.32 

245 

278 

670 

9.6 

1.68 

338 

472 

-1,495 

16.3 

-3.75 

TABLE  2 


Time  from 
Impact  (sec) 

Values  of  B.M.  (lb -in.) 

Load 

Position 

Distance  between 

Load  and  Station 

123 

245 

338 

123 

245 

338 

0.015 

4800 

-1225 

0 

125 

- 

120 

203 

0.030 

4920 

2940 

-2028 

100 

23 

145 

228 

0.044 

-1300 

17150 

-2400 

75 

48 

70 

263 

0.060 

1550 

19600 

21900 

50 

73 

193 

288 

0.088 

9850 

14600 

20300 

0 

123 

245 

338 

The  three  equations  for  the  first  time  in¬ 
terval  are  as  follows: 


4800  = 

3.36 

01  + 

2.32 

02  • 

-1225  = 

9.6 

01  + 

1.68 

0  2  + 

120  P 

0  = 

16.3 

*1" 

3.75 

0  2  + 

203  P 

Solving  sets  of  equations  such  as  the  above 
for  each  time  interval  yields  the  plot  of  P  vs 
time  shown  in  Fig.  6.  The  curve  shown  ignores 
several  negative  "wild"  points  at  times  other 
than  those  in  Table  2  which  are  probably  a  re¬ 
sult  of  utilizing  only  two  modes  in  the  calcula¬ 
tion,  as  are  the  negative  loads  (a  practical  im¬ 
possibility  for  this  problem)  indicated  at  low 
times. 


Fig.  6  -  Computed  load  vs  time 
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ASSESSMENT  OF  THE  EFFECT  OF 
NUMBER  OF  MODES  INCLUDED 

Table  3  shows  the  results  of  an  analytical 
evaluation  of  a  recovery  pole  of  slightly  differ¬ 
ent  design  to  the  one  tested.  With  initial  impact 
210  inches  from  the  tip.  Values  of  load  at 
0.0395,  0.0791,  and  0.1187  sec  after  impact  are 
shown  together  with  the  load  position.  Bending 
moment  components  for  three  positions,  one- 
quarter,  one-half,  and  three-quarters  of  the 
pole  length  are  shown  due  to  (1)  inertia  in  the 
first  five  modes,  i.e.,  4>.}  Mi^  ,  and  (2)  ap¬ 
plied  loading  p.  The  bending  moment  at  any 
position  is  the  sum  of  the  six  tabulated  compo¬ 
nents.  The  relative  contribution  of  each  mode 
to  the  total  bending  moment  is  also  apparent 
from  Table  3. 


Solving  these  and  similar  sets  for  the 
other  two  times  yields  the  following  values 
of  load  at  the  three  respective  times,  236, 
1350,  and  980  lb.  These  are  considerably  in 
error  from  the  true  values  of  108.8,  783,  and 
640  lb. 


It  must  be  concluded,  therefore,  that  more 
than  two  modes  must  be  used  for  this  problem 
to  avoid  serious  degradation  of  accuracy.  The 
larger  the  number  of  modes  included  the  greater 
the  accuracy  and,  it  would  appear  to  be  reason¬ 
able  to  state  that  in  the  evaluation  of  transient 
loading  on  any  structure  by  this  method,  suffi¬ 
cient  instrumentation  to  facilitate  the  use  of  at 
least  the  first  three  modes  is  mandatory  and 
the  inclusion  of  more  than  three  modes  is  highly 


TABLE  3 


Distance 
from  Tip 

Applied 

Load  Moment 

<p^il2/^2 

2 

03Ml3/<i>3 

<£4Ml4/&>42 

^5M15/cJS2 

M 

t  = 

0.0395  sec 

P  =  108.8  lb  -  40  in.  from  Tip 

110 

0 

-3,200 

+1,700 

-1,030 

+214 

+23.2 

-2,300 

210 

7,600 

-8,900 

+2,750 

-74 

-281 

-28.4 

-1,167 

310 

18,500 

-16,650 

+336 

+1,129 

+233 

+3 

3,550 

t  - 

p  =  783  lb  -  70  in.  from  Tip 

110 

BB 

— 

■ 

mm 

210 

EEfil 

wmm 

+234 

Hsu 

310 

Hi 

El 

-26.7 

1  1 

t  = 

0.1187  sec 

P  =  640  lb  at  Tip 

eh 

210 

135,000 

-101,000 

Ere 

mm 

310 

198,000 

-190,000 

-3,360 

1,040 

3,500 

51.2 

9,180 

By  using  the  first  two  modes  only,  for 
which  the  appropriate  values  of  Ml  are  as 
shown  in  Table  4,  and  the  value  of  total  bending 


moment  shown  in  Table 
simultaneous  equations 
0.0395  seconds. 


3550  = 

14.6 

1167  = 

7.8 

and 

-2300  = 

2.8 

3,  the  following  set  of 
may  be  set  up  for  time 

0.42  02  +  170  P  , 

3.46  4>2  +  70  P  - 

2.12  <£2. 


desirable.  If  some  prior  knowledge  of  the  ap¬ 
proximate  nature  of  the  applied  transient  load¬ 
ing,  which  it  is  desired  to  find,  is  available,  the 
correct  decision  regarding  the  relative  impor¬ 
tance  of  each  mode  is,  of  course,  easier  to  make 

TABLE  4 


Station 

Mlj/w* 

M12/o,22 

110 

14.6 

0.42 

210 

7.8 

3.46 

310 

2.8 

2.12 
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where  n  ±  m  is  zero.  Thus 


POSSIBLE  EXTENSIONS  OF 
THE  METHOD 

The  basic  concept  applied  to  a  point  load 
and  a  cantilever  beam  has  just  been  described, 
but  it  is  considered  practical  to  extend  this 
technique  to  the  experimental  determination  of 
transient  loadings,  either  discrete  or  distrib¬ 
uted,  on  other  types  of  elastic  structure. 

Consider,  for  instance,  the  lateral  gust 
loading  on  a  missile.  This  will  be  a  function  of 
position  and  time.  Hence  assume 

T  =  L  (5) 

where  p  is  the  load  per  unit  length,  r  is  the 
local  mass  per  unit  length,  an  is  some  function 
of  time  associated  with  the  nth  bending  mode, 
and  x  is  the  nth  bending  mode  shape. 

Assume,  further,  that  the  bending  displace¬ 
ment  at  any  point  is: 

y  =  £  -0n(r>  x  xn(x) , 

where  0n  is  the  generalized  coordinate  in  the 
nth  mode. 

During  a  virtual  displacement  in  the  j th 
mode  of  8y  =  Xj  80j,  the  virtual  work  of  the  ap¬ 
plied  loading,  p  is 


8wp  =  X.  x  r  an(r)  x  Xn(x)x  80j  . 

Jo 

From  orthogonality  considerations 


riXn*Xmxdx. 


*  * 


Swp  =  8<£j  ajJ  rXj2  dx 


=  $</> j  aj  Rj  , 

where  Rj  =  the  generalized  mass  in  the  j 
mode.  It  may  be  readily  verified  from  any 
dynamics  text  that  the  virtual  work  of  the  iner¬ 
tia  and  elastic  forces  in  the  j th  mode  is 

Swje  =  -Rj(80j)  0j  -  o)j20j(80j)  Rj  . 

Hence,  equating  the  total  virtual  work  to  zero 
we  get 

0j  +  Mj2  *  <t>j  =  a  j  .  (6) 

As  described  previously,  if  bending  mo¬ 
ments  at  n  points  on  the  missile  are  known 
then  plots  of  4>i  and  <£■  vs  time  for  the  first  n 
modes  may  be  deducea  using  the  modal  unit 
moments.  Hence  plots  of  the  value  of  aj  vs 
time  may  be  made  from  Eq.  (6),  and  an  evalua¬ 
tion  of  the  transverse  gust  loading  follows  from 
Eq.  (5). 

Since  the  gust  could  come  from  any  azi¬ 
muthal  direction  it  would  be  necessary  to  carry 
duplicate  instrumentation  at  two  positions  90 
degrees  apart  and  evaluate  the  load  component 
in  the  two  directions  in  order  to  arrive  at  the 
total  load. 

It  may  be  readily  appreciated  that,  by  using 
a  similar  approach,  a  means  of  evaluating  tran¬ 
sient  loads  on  other  types  of  structure,  such  as 
aircraft  lifting  surfaces,  and  the  like,  may  be 
readily  devised. 


* 
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AUTOMATIC  ACCELEROMETER  CHECK-OUT  EQUIPMENT 


G.  M.  Hieber  and  B.  Mangolds 
Radio  Corporation  of  America 
Princeton,  New  Jersey 


This  paper  describes  a  system  for  reducing  instances  of  lost  or  erro¬ 
neous  accelerometer  data.  The  system  allows  a  relatively  rapid  means 
of  checking  59  channels  for  faulty  equipment  or  faulty  setup.  In  this 
method,  a  charge  amplifier  is  cycled  through  each  input  circuit  to  sense 
for  changes  of  capacity.  When  no  changes  are  sensed,  a  programmed 
calibration  signal  is  then  appliedto  all  channels,  by  transformer  coupling, 
in  series  with  the  shield  of  each  accelerometer  co-axial  cable. 


Frequent  calibration  of  instrumentation  is 
necessary  to  prevent  misinterpretation  or  loss 
of  data.  In  a  complex  series  of  tests,  it  is  de¬ 
sirable  to  iiave  a  quick  and  thorough  means 
available  to  check  an  instrumentation  setup. 
Thus,  an  automated  system  which  calibrates 
from  the  transducer  through  the  data  reduction 
process  is  desired.  The  particular  equipment 
to  be  discussed  is  an  approach  to  this  goal. 

Vibration  measurements  are  made  almost 
exclusively  by  piezoelectric  accelerometers  at 
the  Astro -Electronics  Division  of  RCA  (AED), 
because  of  their  small  size,  broad  frequency 
response,  and  high  output.  The  only  positive 
method  of  calibrating  most  transducers  is  to 
subject  them  directly  to  the  phenomena  to  which 
they  are  sensitive.  Thus,  for  an  accelerometer, 
it  is  necessary  to  vibrate  the  transducer  over 
both  its  full  frequency  range  and  dynamic  range. 
Although  this  can  be  done  before  and  after  a  test 
program,  there  are  occasions  where  it  is  not 
feasible,  e.g.,  between  test  runs,  when  acceler¬ 
ometers  are  mounted  on  or  inside  equipment, 
or  where  the  sensitive  axis  of  an  accelerometer 
is  arranged  to  sense  acceleration  in  other  than 
the  excitation  axis  (to  obtain  information  such 
as  cross-motion).  In  such  cases,  it  is  necessary 
to  have  a  substitute  method  of  accelerometer 
check-out;  one  which  does  not  involve  vibration. 

The  following  is  a  list  of  the  causes  of  data 
loss  and  data  misinformation: 

Causes  of  Data  Loss 

Accelerometer  opens  or  shorts 
Accelerometer  falls  off 
Cable  opens  or  shorts 


Electronic  equipment  fails 
Human  error  occurs,  e.g.,  forgetting 
to  turn  on  power  or  neglecting  to  put  in  record¬ 
ing  paper 

Causes  of  Data  Misinformation 

Accelerometer  change  in  sensitivity 
due  to  damage 

Accelerometer  unduly  susceptible  to 
factors  such  as  cross -axis  motion,  temperature, 
mounting  stresses,  or  magnetic  fields 

Undetected  nonlinearities  in  the  instru¬ 
mentation  system 

Erroneous  range  settings  or  mixed 
channel  connections  of  system 

Misinterpretation  of  data 

A  good  "quick  look"  system  will  minimize 
the  difficulties  of  data  loss,  since  problems  can 
be  detected  when  they  occur  during  a  test. 

Undue  susceptibility  of  accelerometers  to 
environments  other  than  vibration  along  the 
sensitive  axis  can  be  alleviated  by  a  careful 
selection  of  transducers. 

Human  error  can  be  reduced  by  providing 
careful  and  detailed  test  procedures,  and  insist¬ 
ing  on  strict  adherence  to  them. 

The  above  measures,  however,  will  not  in¬ 
sure  presentation  of  valid  data.  It  is  necessary 
to  have  a  check-out  system  or  procedure  pre¬ 
venting  system  nonlinearities  or  sensitivity 
changes  which  cause  erroneous  results.  A  good 
check-out  system  should  also  aid  in  reducing 
all  other  difficulties  with  the  exception  that  it 
will  not  prevent  an  accelerometer  from  falling 
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off,  nor  will  it  reduce  environmental  suscepti¬ 
bility  of  the  accelerometers.  Through  past  ex¬ 
perience,  next  to  human  error,  the  greatest 
sources  of  difficulty  are  opens  and  shorts  in 
accelerometer  cables. 

Automatic  check-out  equipment  now  used  at 
AED  is  shown  in  Fig.  1.  It  will  determine 
whether  there  is  a  short  or  an  open  in  the  sensing 
circuit,  which  may  be  caused  by  either  the  ac¬ 
celerometer  or  the  cable.  In  addition,  the 
equipment  will  calibrate  all  channels,  checking 
all  electrical  equipment  settings.  One  approach 
which  has  been  used  to  provide  this  same  infor¬ 
mation  is  the  self-calibrating  accelerometer. 

In  this  method,  a  signal  is  applied  to  a  force 
generator  inside  the  accelerometer  which 
drives  the  seismic  mass;  the  resulting  output 
signal  from  the  accelerometer  is  checked  to 
determine  any  deviation  from  its  previously 
calibrated  condition.  This  method  is  rather  ex¬ 
pensive  for  general  laboratory  usage.  It  also 
requires  an  extra  cable  for  every  accelerometer 
which  can,  as  previously  mentioned,  be  a  source 
of  trouble.  The  system  utilizing  signal  insertion 
at  the  accelerometer  also  requires  an  extra 
cable.  This  system  is  advantageous  since  it 
supplies  all  the  information  desired  and  does 
not  necessitate  the  extra  cable.  The  only  devia¬ 
tion  this  system  will  not  reveal  is  loss  of 


sensitivity  caused  by  a  cracked  crystal  which 
will  change  the  capacitance  of  the  accelerometer- 
cable  system  by  less  than  10  percent.  This  is 
such  a  rarity  that  it  should  not  detract  from  the 
equipment. 

A  block  diagram  of  the  check-out  equipment 
is  shown  in  Fig.  2.  Basically,  a  charge  ampli¬ 
fier  is  cycled  through  each  channel.  When  the 
total  capacity  of  the  channel  remains  unchanged, 
the  charge  amplifier  in  conjunction  with  a  pulse 
circuit  will  generate  a  pulse,  advancing  the  se¬ 
lector  switch  to  the  next  channel.  Should  a  short 
or  open  condition  exist  in  the  transducer  system, 
a  change  in  total  capacitance  results,  thus  the 
pulse  will  not  be  formed.  Therefore,  the  equip¬ 
ment  will  stop  at  the  malfunctioning  channel.  If 
the  switch  cycles  through  all  channels  success¬ 
fully,  it  can  then  be  assumed  that  no  shorts  or 
opens  exist  in  the  transducer  section  of  the  in¬ 
strumentation.  When  the  check-out  sequence  is 
completed,  a  signal  is  simultaneously  applied  to 
all  channels.  This  signal  is  programmed  to 
check  the  dynamic  range  and  frequency  response 
of  each  channel.  The  programmed  signal  is  sent 
through  the  instrumentation  system  to  the  tape 
recorders  where  it  is  checked  to  insure  that  the 
entire  system  is  within  calibration.  The  main 
signal  insertion  and  adjustment  functions  are 
performed  by  means  of  components  packaged  in 


Fig.  1  -  Automatic  accelerometer  check-out  equipment 
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readily  interchangeable  modules  (one  of  which 
is  shown  in  Fig.  3)  and  designed  to  support 
channel  integrity. 

The  calibration  signal  is  transformer- 
coupled  in  series  with  the  shield  of  the  acceler¬ 
ometer  coaxial  cable,  just  ahead  of  the  cathode 
follower.  Transformer  coupling  is  advantageous 
since  there  is  no  grounding  problem,  allowing 
more  flexibility  in  connecting  the  calibration 
source.  During  signal  insertion,  the  primary  of 
the  transformer  is  energized  by  a  signal  genera¬ 
tor.  The  system  is  designed  so  that  the  induct¬ 
ances,  capacitances,  and  impedances  involved 
do  not  create  a  frequency  or  phase  distortion  in 


the  desired  range:  crosstalk  is  better  than 
80  db. 

Each  channel  has  three  adjustments.  One 
adjusts  the  sensitivity  of  the  charge  amplifier 
to  the  particular  capacitance  range  of  the  ac¬ 
celerometer  and  cable  combination  of  that  chan¬ 
nel.  The  other  two  adjustments  provide  coarse 
and  fine  control  of  the  calibration  signal  for  that 
channel.  A  manual  cycle  is  used  for  setting  up 
the  equipment. 

The  equipment  can  handle  59  accelerometer 
channels  and  can  be  set  up  in  a  few  minutes 
since  the  adjustments  are  few  and  simple.  By 


Fig.  2  -  Automatic  accelerometer  check-out 
equipment,  block  diagram 


Fig.  3  -  Calibration  module,  front  and  rear  views 
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properly  programming  a  calibration  signal,  not 
only  can  the  recording  equipment  be  checked 
out,  but  a  complete  check-out  is  available  for 
data  reduction  equipment,  since  the  calibration 


signal  provides  a  means  of  checking  either  x-  y 
records  or  oscillograph  records  at  specific 
frequencies  over  the  full  dynamic  range  of  the 
data  acquisition  system. 

*  * 
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THE  CONDENSER  MICROPHONE  FOR 
BOUNDARY  LAYER  NOISE  MEASUREMENT* 


W.  T.  Fiala  and  J.  J.  Van  Houten 
LTV  Research  Center,  Western  Division 
Anaheim,  California 


INTRODUCTION 

Programs  to  establish  the  magnitude,  spec¬ 
tra,  and  spatial  distribution  of  boundary  layer 
pressure  fluctuations  are  a  paramount  part  of 
flight  vehicle  research.  Microphone  instrumen¬ 
tation  which  will  perform  in  the  combined  en¬ 
vironments  of  temperature,  pressure,  vibration, 
and  shock  are  required  to  support  these  meas¬ 
urement  programs.  A  microphone  system 
which  will  achieve  the  broad  performance  char¬ 
acteristics  required  to  meet  this  aerospace  need 
is  discussed  in  this  paper. 


ENVIRONMENTAL  PERFORMANCE 
REQUIREMENTS 

The  most  severe  requirement  on  the  in¬ 
strumentation  is  the  environmental  extremes 
encountered  during  flight.  These  include  tem¬ 
peratures  covering  the  range  from  -65°  to  600° F 
and  altitudes  to  150,000  feet.  Severe  vibration 
levels  encountered  during  flight  must  not  com¬ 
promise  system  integrity  nor  drastically  change 
system  sensitivity.  Additional  environmental 
extremes  include  humidity,  acoustic  noise,  shock, 
explosive  hazard,  and  chemical  contamination. 

The  system  must  have  a  frequency  response 
which  is  flat  from  20  cps  to  20  kc.  When  wind 
tunnel  model  evaluation  of  boundary  layer  ef¬ 
fects  is  to  be  investigated,  this  response  must 
extend  to  as  high  as  100  kc.  A  dynamic  range 
covering  sound  pressures  from  100  to  170  db 
(re:  0.0002  dyne/cm2)  is  required  to  support  both 
the  model  studies  involving  low  level  acoustic 
noise  and  the  problems  at  higher  intensities  as¬ 
sociated  with  sonic  fatigue  of  structure.  Finally, 
the  conflicting  requirement  of  extremely  small 
microphone  size  with  a  high  sensitivity  adds  yet 
another  constraint  on  system  design. 


Altitude  and  Temperature  Stability 

Measurement  of  boundary  layer  pressure 
fluctuations  at  high  vehicle  Mach  numbers  sub¬ 
jects  the  pressure  transducer  or  microphone  to 
a  broad  range  of  temperatures  and  ambient 
pressures.  At  supersonic  speeds  to  Mach  three, 
surface  temperatures  to  600°  F  may  be  encoun¬ 
tered.  A  microphone  system  which  is  tempera¬ 
ture  and  altitude  insensitive  is,  of  course,  de¬ 
sired.  A  condenser  microphone1  has  been 
designed  with  minimal  change  in  sensitivity  at 
temperatures  to  600° F.  At  frequencies  to  20kc, 
this  condenser  microphone  design  is  essentially 
altitude  insensitive,  to  reduced  pressures  equiv¬ 
alent  to  150,000  feet.  This  is  accomplished  with 
a  diaphragm  stiffness  which  is  high  in  compari¬ 
son  to  the  stiffness  of  the  cavity  behind  the 
diaphragm. 


Vibration  Sensitivity 

The  boundary  layer  pressure  fluctuations 
create  vibrational  acceleration  of  the  vehicle 
surface.  With  a  microphone  flush  mounted  at 
the  vehicle  surface,  these  accelerations  are 
sensed  by  the  pressure  transducer.  Therefore, 
a  microphone  which  is  essentially  insensitive  to 
acceleration  is  required.  The  condenser  micro¬ 
phone  offers  the  best  possibility  for  achieving  a 
low  vibration  sensitivity  over  an  extended  fre¬ 
quency  range.  With  the  condenser  microphone, 
a  vibration  sensitivity  corresponding  to  80-db 
sound  pressure  level  for  1-g  acceleration  of 
the  microphone  may  be  achieved.  Vibration 


*B.  R.  Beavers,  "High  Temperature  Condenser 
Microphone  System  (Abstract),"  J.  Acoust.  Soc. 
Am.,  Vol.  35,  No.  5  (1963),  p.  781. 


*This  paper  was  not  presented  at  the  Symposium. 
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sensitivity  of  a  condenser  microphone2  is  readily 
established  and  directly  proportional  to  the  mass 
of  the  diaphragm. 


Frequency  Response  and  Sensitivity 

The  use  of  scale  models  to  study  boundary 
layer  effects  requires  a  transducer  with  flat 
frequency  response  to  100  kc.  To  achieve  the 
dynamic  range  desired,  the  transduction  sensi¬ 
tivity  should  be  in  the  order  of  -70  db  (re:  1 
V/dyne/cm2).  With  this  sensitivity  and  the 
electrical  noise  thresholds  associated  with  con¬ 
denser  microphone  instrumentation,  a  dynamic 
range  in  the  order  of  100  db  is  possible. 


CALIBRATION 

An  extensive  calibration  of  the  microphone 
is  required  to  establish  the  characteristics  of 
the  transducer  for  boundary  layer  evaluation. 
This  calibration  must  cover  the  envelope  or 
environmental  extremes  establishing  change  in 
response  with  temperature  and  altitude  as  well 
as  dynamic  range. 

With  the  condenser  microphone,  it  is  possi¬ 
ble  to  use  the  electrostatic  principle  of  calibra¬ 
tion  to  establish  change  in  sensitivity  with  tem¬ 
perature  and  reduced  pressure.  The  diaphragm 
of  the  microphone  is  driven  with  an  electro¬ 
static  force  which  simulates  the  sound  pressures 
to  be  measured.  The  force  generated  on  the  dia¬ 
phragm  is  independent  of  temperature  and  re¬ 
duced  pressures.  With  the  complete  microphone 
system  placed  in  the  environmental  chamber, 
calibrations  are  performed  over  the  complete 
frequency  range  to  establish  both  change  in 
sensitivity  and  response. 

The  absolute  sensitivity  of  the  microphone 
is  established  by  use  of  the  pistonphone. 3  The 
basic  calibration  at  normal  atmospheric  con¬ 
ditions  is  accomplished  by  comparison  with  a 
laboratory  standard  microphone.  This  calibra¬ 
tion  is  usually  performed  in  a  large  anechoic 
chamber,  using  suitable  electrodynamic  and 
electrostatic  transmitters  as  the  source.  A 
verification  of  the  linearity  of  the  microphone 
is  accomplished  by  use  of  a  standing  wave 


2E.  Rule,  et  al.,  "Vibration  Sensitivity  of  Con¬ 
denser  Microphones,"  J.  Acoust.  Soc.  Am., 
Vol.  32,  No.  7  (I960),  p.  82. 

3Glover  and  Baumzweiger,  "Moving  Coil  Piston- 

phone  for  Measurement  Sound  Field  Pressure," 

J.  Acoust.  Soc.  Am.,  Vol.  10  (1939),  p.  200. 


tube.4  The  device  now  in  use,  Fig.  1,  is  designed 
to  yield  sound  pressures  as  high  as  180  db  with 
a  total  harmonic  distortion  of  less  than  5  per¬ 
cent.  The  frequency  response  and  sound  pres¬ 
sure  levels  achieved  by  the  standing  wave  tube 
used  in  our  laboratory  are  shown  in  Fig.  2. 

The  pressure  response  of  the  microphone 
is  necessary  to  interpret  measurements  made 
with  the  transducer  flush  mounted  at  a  vehicle 
surface.  The  electrostatic  method  of  calibration 
previously  mentioned  yields  the  pressure  re¬ 
sponse  directly  at  frequencies  which  are  not  too 
near  the  resonant  frequency  of  the  microphone. 
At  frequencies  near  the  microphone  resonance, 
this  method  does  not  yield  a  true  pressure  re¬ 
sponse.  The  mechanical  impedance  associated 
with  the  diaphragm  stiffness  and  the  dynamics 
of  the  cavity  between  the  microphone  and  elec¬ 
trostatic  actuator  create  a  situation  which  is 
difficult  to  define.  Calibrations  in  this  fre¬ 
quency  range  are  justified  by  use  of  the  free 
field  microphone  response  and  a  calculation  of 
the  diffraction  characteristics  in  this  pressure 
range.5 

The  calibrations  to  establish  pressure  re¬ 
sponse  in  the  frequency  range  from  about  20  to ' 
100  kc  are  the  most  difficult  and  least  reliable. 

A  summary  of  the  calibrations  required  to  es¬ 
tablish  the  characteristics  of  a  system  for 
boundary  layer  measurement  is  given  in  Table  1. 
An  estimate  of  the  precision  of  these  calibrations 
has  also  been  included  in  this  summary. 

At  higher  frequencies  the  sensitive  element 
of  the  microphone  has  a  size  comparable  to  the 
vortices  existing  within  the  boundary  layer.  It 
is  necessary  to  provide  a  correction  which  ac¬ 
counts  for  the  microphone  size  and  its  correla¬ 
tion  with  the  boundary  layer  pressure  fluctua¬ 
tions.  A  recent  article  by  Corcos, 6  provides  a 
means  of  establishing  values  for  this  correction 
factor,  at  the  Mach  numbers  of  interest. 


SYSTEM  CAPABLE  OF  MEETING 
THE  PERFORMANCE  REQUIRED 

A  miniature  condenser  microphone  has 
been  developed  specifically  to  meet  the  aerospace 


4Beranek,  Acoustic  Measurements  (John  Wiley 
&  Sons,  Inc.,  New  York,  N.Y.,  1949),  p.  172. 

5Rivin  and  Cherpak,  "Method  for  Measuring  & 
Calculating  the  Diffraction  Coefficient  of  Micro¬ 
phones,"  Soviet  Physics  Acoustics,  Vol.  5,  No. 
3  (Feb.  I960). 

°G.  M.  Corcos,  "Resolution  of  Pressure  in  Tur¬ 
bulence,'  J.  Acoust.  Soc.  Am.,  Vol.  35,  No.  2 
(1963),  p.  192. 
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PRESSURE  LEVEL,  DB 


CALIBRATION  POSITION 


06ERST  TUBE 


ELECTRODYNAMIC  DRIVER 


Fig.  1  -  Standing  Wave  Tube;  Sound  pressures  to  180  db 
are  generated  for  microphone  linearity  calibrations 


Fig.  2  -  Standing  Wave  Tube  Response;  Less  than  5 -percent  total 
harmonic  distortion  is  experienced  at  the  peaks  in  the  response 
of  this  device. 
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TABLE  1 

Microphone  Calibrations  Required  for 
Boundary  Layer  Noise  Measurement 


Calibration 

Required 

Method  of 
Calibration 

Frequency 

Range 

Accuracy  of 
Measurement 

Absolute  sensitivity 

Pistonphone 

20  to  200  cps 

±  1/4  db 

Frequency  response 

Comparison  with 
lab  standard 

100  cps  to  10  kc 

10  to  100  kc 

■n 

Variation  with  temperature 
(0°  to  525°F) 

Electrostatic 

actuator 

20  cps  to  20  kc 

±  1/2  db 

Variation  at  reduced 
pressures  to  100,000  ft. 

Electrostatic 

actuator 

20  cps  to  20  kc 

±  1/2  db 

Linearity  with  sound  level 
(80  to  180  db) 

Standing  wave  tube 
(Oberst's  tube) 

400  cps 

±  1/2  db 

requirements  previously  discussed.  It  has  the 
broadband  response  characteristics  required 
and  the  stability  compatible  with  the  previously 
mentioned  environmental  extremes.  This  con¬ 
denser  microphone  has  been  calibrated  to  es¬ 
tablish  its  change  in  sensitivity  with  temperature 
and  altitude  variation.7  Circuitry  has  also  been 
developed  to  complement  the  use  of  this  micro¬ 
phone  for  boundary  layer  noise  measurement. 
This  circuitry  includes  a  miniature  cathode  fol¬ 
lower  capable  of  operation  to  600° F  and  an  air¬ 
borne  power  supply  for  flight  application. 


Miniature  Condenser  Microphone 

The  condenser  microphone  being  used  for 
boundary  layer  measurement  is  of  stainless 
steel  construction  with  mating  parts  designed  to 
yield  minimal  change  in  sensitivity  with  temper¬ 
ature.  The  active  diameter  of  this  microphone 
is  0.16  inch.  It  is  designed  for  convenient  flush 
mounting  at  an  aerodynamic  surface.  An  illus¬ 
tration  of  the  microphone  and  a  cathode  follower 
capable  of  operation  within  the  temperature 
range  from  0°  to  525°F  is  shown  in  Fig.  3;  the 
basic  response  of  this  microphone  is  shown  in 
Fig.  4;  and  Fig.  5  illustrates  the  frequency  re¬ 
sponse  at  various  reduced  pressures.  A  sum¬ 
mary  of  the  characteristics  of  this  microphone 
system  is  as  follows: 


7N.  J.  Meyer  and  J.  J.  Van  Houten,  "Calibration 
of  A  Miniature  Condenser  Microphone  at  Ele¬ 
vated  Temperature  and  Reduced  Pressure," 
J.  Acoust.  Soc.  Am..  Vol.  35,  No.  5  (1963), 
p.  781. 


PERFORMANCE 

Sensitivity  Measured  at  Cathode 

Follower  Output:  -72  ±  1  db  (re: 

1  V/dyne/cm  2) 

Linear  Limit,  SPL:  170  db  (re:  .0002 
dynes/cm2) 

Frequency  Response:  ±  1  db  20  cps  to  40 kc 
Resonance  Frequency:  60,000  cps 
System  Noise:  Equivalent  to  an  SPL  of  70 db 


ENVIRONMENTAL 

CHARACTERISTICS 

Variation  of  Sensitivity  with  Temperature: 

±  1  db  (0°F  to  525°F) 

Variation  of  Sensitivity  with  Altitude:  No 
variation  below  5  kc 
Vibration  Sensitivity:  1-g  Acceleration 
produces  equivalent  SPL  of  79  db. 


PHYSICAL 

Active  Diaphragm  Diameter:  0.160  inch 
Housing  Diameter:  0.280  inch 
Housing  Length:  0.360  inch 


GOALS  FOR  FUTURE 
DEVELOPMENT 

Considerable  emphasis  is  now  being  placed 
on  calibration  of  transducers  for  boundary  layer 
noise  measurement.  Particular  interest  is  being 
given  the  frequency  range  from  20  to  100  kc.  It 
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oonoomn  mkkofhone 


CaTHOOC  follower 


I _ I 

ONE  INCH 


Fig.  3  -  Condenser  Microphone  and  Cathode  Follower;  Stable 
operation  is  achieved  within  the  temperature  range  from  0° 
to  525°F. 


FREQUENCY  IN  CYCLES  PER  SECOND 


Fig.  4  -  Relative  Response;  The  pressure  response  of  the  microphone  is 
utilized  for  boundary  layer  noise  measurement 


would  be  desirable  and  is  the  goal  of  our  present 
research  activities  in  this  area  to  perform  cali¬ 
brations  over  the  complete  envelope  of  tempera¬ 
tures  and  altitudes,  with  sound  pressures  at 
intensities  approximating  the  operational  levels 
anticipated. 

Studies  are  in  progress  which  will  lead  to 
a  microphone  system  capable  of  operation  to 
1000° F  with  the  performance  requirements 
necessary  for  boundary  layer  noise  measure¬ 
ment.  It  will  be  possible  to  achieve  systems 


capable  of  even  higher  temperatures  for  short 
time  durations  as  a  result  of  these  studies. 

The  electroacoustic  design  problem  posed 
by  the  aerospace  measurement  problem  dis¬ 
cussed  in  this  paper  is  extremely  difficult  and 
challenging.  As  further  research  develops  and 
innovations  in  solid-state  devices  become  avail 
able,  the  performance  of  pressure  transducers 
at  environmental  extremes  will  be  greatly 
extended. 


RELATIVE  SENSITIVITY,  d  b 


A  TEST  VEHICLE  PROTECTION  CIRCUIT* 


E.  L.  Gardner 
Atomics  International 
Canoga  Park,  California 


One  of  the  problems  facing  the  testing  engi¬ 
neer  in  a  vibration  environment  laboratory  is 
the  protection  of  expensive  devices  under  test 
from  damage  due  to  inadvertent  excessive 
loads.  These  loads  can  result  from  several 
causes  as  the  following  examples  experienced 
in  our  laboratory  will  illustrate: 

1.  The  test  specimen  was  the  first  of  its 
kind;  its  responses  were  unknown  to  the  degree 
that  it  might  have  been  damaged  by  what  was 
assumed  to  be  a  safe  input. 

2.  The  console  operator  changed  the  setting 
of  the  vibration  level  range  switch  or  level  con¬ 
trol  knob  in  the  wrong  direction. 

3.  A  tape  recorder  operator  accidently  cut 
off  a  tracking  filter  in  the  servo  loop  causing  the 
shaker  driver  amplifier  to  develop  full  power. 

In  the  event  of  such  emergencies,  the  reac¬ 
tion  time  of  the  operator  may  be  slow  enough  to 
permit  severe  damage  to  occur  before  he  can 
reduce  the  drive  signal.  What  is  needed  then  is 
a  circuit  which  can  respond  to  an  excessive 
signal  in  a  few  milliseconds.  It  would  also  be 
helpful  if  the  device  were  easy  to  calibrate  and 
had  a  reset  means  which  does  not  override  the 
cut-off  circuit.  It  should  have  its  own  power 
supply  and  be  independent  of  the  driver  signal 
servo  system,  except  that  it  should  patch  into 
the  signal  circuit  ahead  of  the  master  gain  con¬ 
trol.  Such  a  circuit  was  developed  in  the  SNAP 
Environmental  Vibration  and  Shock  Laboratory 
at  Atomics  International.  It  has  been  in  con¬ 
stant  use  for  more  than  a  year.  It  has  proven 
so  useful  that  our  most  experienced  operators 
prefer  not  to  run  tests  without  it. 

Usually  two  or  more  of  these  circuits  are 
used  at  one  time.  Several  of  the  circuits  can 
be  supplied  by  the  same  battery,  as  power  is 
drawn  only  after  the  cut-off  action  has  been 
initiated.  A  neon  annunciator  lamp  is  provided 


to  permit  the  testing  engineer  to  determine 
which  of  several  monitored  points  on  the  test 
specimen  experienced  the  excessive  response. 
The  circuit  was  designed  to  be  used  with  an 
Endevco  Dynamonitor.  The  dynamonitor  has 
sufficient  output  voltage  and  power  to  drive  the 
safety  circuit  without  further  amplification.  It 
consists  of  a  diode  pump,  a  potentiometer,  a 
silicon  controlled  rectifier,  a  relay,  and  a  bat¬ 
tery.  The  schematic  circuit  diagram,  Fig.  1, 
also  shows  the  annunciator  lamp  and  reset 
switch  which  are  accessory  to  the  safety  cir¬ 
cuit.  The  two-diode  circuit  was  used  to  permit 
operation  on  excessive  input  voltages  of  either 
polarity.  None  of  the  circuit  elements  are 
critical,  and  most  can  be  found  among  the  spare 
parts  in  a  vibration  laboratory. 

About  the  only  unique  thing  in  this  circuit 
is  the  method  of  reset.  When  the  reset  switch 
is  actuated,  the  conduction  of  the  SCR  is  stopped 
by  bypassing  the  relay  current  to  ground.  Since 
there  is  no  signal  from  the  test  specimen  at  this 
time,  the  SCR  is  reset.  But,  the  relay  is  still 
holding  the  driver  input  signal  circuit  open  and 
will  continue  to  until  the  reset  switch  is  re¬ 
leased.  If  the  master  gain  control  has  not  been 
set  to  a  reduced  level  the  safety  action  will  recur 
immediately.  By  resetting  in  this  manner  the 
safety  circuit  cannot  be  overridden.  Note  also 
that  the  drive  signal  passes  through  the  power 
on-off  switch  and  will  be  interrupted  if  the  safety 
circuit  power  is  turned  off. 

The  calibration  of  the  safety  circuit  is  ac¬ 
complished  in  such  a  manner  as  to  provide  an 
operation  check  of  the  device.  The  accelerom¬ 
eter  pickup  is  placed  on  a  calibration  shaker 
and  driven  to  the  specified  g  limit.  The  range 
switch  and  gain  control  of  the  dynamonitor  are 
adjusted  to  provide  at  least  1  volt  from  its  out¬ 
put.  The  10-turn  potentiometer  of  the  safety 
circuit  is  adjusted  until  the  cut-off  action  oc¬ 
curs.  The  potentiometer  dial  reading  is  noted. 
The  dial  is  turned  up  scale  about  10  points  and 


#This  paper  was  not  presented  at  the  Symposium. 
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Cl 


D2 


R2 


PARTS  LIST 


HI  4  82 

45  Volt  Battery 

Cl 

20  uf  Condenser 

C2 

.02  uf  Condenser 

01  4  D2 

UQ.695 

R1 

20k  10-Turn  Potentiometer 

R2 

910  4- Watt  Resistor 

B3 

40k  J-  Watt  Resistor 

RL 

DPDT  Relay 

SCR 

2N2325 

Sid 

Raaet  Switch  (Pushbutton) 

Sw2 

DPST  Switch 

Fig.  1  -  Protection  circuit  schematic 


the  reset  switch  is  pushed.  When  it  is  released 
the  cut-off  action  will  cease.  The  potentiometer 
is  then  set  to  two  dial  divisions  from  the  actua¬ 
tion  point.  The  accelerometer  is  then  installed 


on  the  test  specimen.  The  circuit  is  now  ready 
to  help  protect  the  test  specimen  from  prolonged 
overload  and  the  testing  engineer  and  console 
operator  from  embarrassment. 


*  *  * 
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Section  2 
SHOCK  TESTING 


THE  DESIGN  AND  ADVANTAGES  OF  AN  AIR-ACCELERATED 
IMPACT  MECHANICAL  SHOCK  MACHINE 


Li.  F.  Thorne 
The  Bendix  Corporation 
Kansas  City,  Kansas 


INTRODUCTION 

Modifications  were  made  to  a  standard 
6 -inch  Hyge  mechanical  shock  actuator,  so  that 
"reverse  firing"  could  be  accomplished.  In  this 
application,  the  Hyge  is  utilized  as  a  velocity 
generator  by  accelerating  a  shaft-mounted 
specimen  carriage  into  an  impact  material  po¬ 
sitioned  between  the  carriage  and  the  top  of 
the  Hyge  machine,  Fig.  1. 


The  reverse  Hyge  design,  its  operation,  and 
its  advantages  over  the  original  system  are  de¬ 
scribed*  A  curve  showing  theoretical  energy  of 
the  machine  at  inches  of  displacement  is  pre¬ 
sented.  Measured  pre -shock  velocities  are  re¬ 
flected  in  a  graph  showing  actual  energy,  and  in 
information  on  the  percent  of  shock  pulse  ve¬ 
locity  change  attributed  to  the  rebound  of  the 
Impact  material.  Versatility  of  the  machine 
can  be  seen  in  photographs  which  display  its 
shock  pulse  capabilities.  Other  photographs 
show  pre -shock  and  post -shock  accelerations. 


Figure  1 


THE  6 -INCH  HYGE 


The  Hyge  mechanical  shock  actuator  can  be 
assembled  in  a  number  of  configurations  to  meet 
a  variety  of  shock  specifications.  One  unit  con¬ 
figuration  of  the  6-inch  Hyge,  Fig.  2,  is  designed 
to  achieve  high  levels  of  acceleration  at  rela¬ 
tively  short  pulse  durations  by  rapidly  shutting 
off  the  fluid  flow  through  an  orifice. 


The  system  actuates  when  air  introduced 
nto  the  lower  chamber  (fire  pressure)  unseats 
he  piston  seal  by  exceeding  a  set  pressure  in 
he  upper  chamber  by  the  ratio  of  areas  exposed 
boVe  and  below  the  piston.  The  fire  pressure 
.cting  over  a  now  larger  area  exposed  below  the 
tiston  accelerates  the  piston,  fluid,  shaft,  and 
ipecimen  carriage  until  the  metering  pin  enters 
he  orifice,  shutting  off  fluid  flow.  The  result- 
ng  shock  pulse  is  controlled  by  the  shape  and 


The  machine  described  above  has  many  ap¬ 
plications;  however,  certain  disadvantages  of 
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SPECIMEN 

SPECIMEN  CARRIAGE 
•SHAFT  EXTENSION 
•IMPACT  MATERIAL 
IMPACT  PLATE 
FIRE  PRESSURE 
-SHAFT 

SPECIAL  ORIFICE 
■SPECIAL  PISTON 


TEFLON  PISTON  SEAL 


SET  PRESSURE 


Figure  3 


the  system  limit  its  versatility.  During  the 
shock  pulse,  the  combined  weight  of  the  speci¬ 
men,  specimen  carriage,  and  shaft  is  held  by 
the  threaded  connection  joining  the  shaft  and 
piston.  Specimen  weights  must  be  minimized 
at  higher  levels  of  shock  to  prevent  separation 
of  the  shaft  from  the  piston.  The  shaft  behaves 
as  a  spring  upon  impact,  the  magnitude  of  its 
oscillations  limiting  minimum  undistorted  pulse 
capability.  To  change  pulse  duration  any  sig¬ 
nificant  amount,  the  machine  must  be  disasem- 
bled  and  fitted  with  a  metering  pin  of  different 
design. 


THE  MODIFIED  6 -INCH  HYGE 

Standard  components  from  a  6 -inch  Hyge 
actuator  are  utilized  in  the  modified  design, 

Fig.  3.  The  principle  of  operation  is  the  same 
as  for  the  normal  Hyge  machine,  except  the 
piston  seal  seats  below  the  orifice.  When  the 
fire  pressure  in  the  upper  chamber  exceeds  ap¬ 
proximately  five  times  the  set  pressure  in  the 
lower  chamber,  the  system  actuates,  accelerat¬ 
ing  the  specimen  carriage  into  the  impact  mate¬ 
rial.  The  pulse  characteristics,  i.e.,  pulse 
shape,  pulse  duration,  and  maximum  g-load, 
are  controlled  by  the  initial  set  pressure  and 
the  dynamic  spring  constant  of  the  impact 
material. 

During  the  shock  pulse,  the  weight  of  the 
moving  components  is  supported  by  the  impact 
material;  therefore,  specimen-fixture  weight  is 
limited  only  by  the  velocity  change  of  the  shock 
pulse  desired.  Less  weight  (piston)  extending 
the  shaft  upon  impact  decreases  shaft  resonance 
excitation,  decreasing  shock  pulse  distortion. 
The  shock  signature  is  changed  by  adjustments 
to  the  dimension  or  hardness  of  the  impact 


material.  Rebound  properties  of  the  material 
can  contribute  significantly  to  the  overall  veloc¬ 
ity  change  capability  of  the  machine. 


CAPABILITIES  OF  THE  MODIFIED 
DESIGN 

Tests  of  the  modified  design  were  con¬ 
ducted  using  a  12 -inch-long,  6 -inch  Hyge  cylin¬ 
der  mounted  on  a  37 -inch-long,  6 -inch  Hyge 
cylinder.  The  theoretical  energy  curve,  Fig.  4, 
was  calculated  from  expansion  and  compression 
ratios  for  a  set  pressure  of  400  psi  and  a  fire 
pressure  of  2000  psi.  Operating  the  machine  at 
these  pressures,  the  velocity  of  its  moving  com¬ 
ponents  at  inches  of  displacement  was  deter¬ 
mined  by  graphical  integration  of  pre-shock 


INCHES  OF  DISPLACEMENT 


Figure  4 


82 


acceleration  photographs.  This  information  is 
reflected  by  the  curve  representing  the  ma¬ 
chine's  actual  energy. 

The  accelerated  weight  consisted  of  a  7.5-lb 
piston,  a  20 -lb  shaft  with  connections,  and  a 
32.5-lb  specimen  carriage.  A  displacement  of 
approximately  10  inches  occurs  before  the  force 
of  expansion  above  the  piston  and  the  force  of 
compression  below  the  piston  are  equal.  There¬ 
fore,  at  a  stroke  less  than  10  inches  (distance 
between  the  bottom  of  the  carriage  and  the  top 
of  the  impact  material)  the  specimen  carriage 
is  held  in  contact  with  the  impact  material, 
minimizing  post-shock  accelerations.  A  6  -  to 
8-inch  stroke  is  normally  used  for  testing.  At 
maximum  pressures  (400-psi  set  pressure  and 
2000-psi  fire  pressure),  the  velocity  of  the  total 
accelerated  weight  of  60  lb  reached  105  fps  in 
8  inches  of  stroke. 


CONTROL  OF  THE  SHOCK  PULSE 

Die  rubber  and  molded  polyurethane  elas¬ 
tomers  are  being  used  as  impact  material  for 
shock  pulse  control.  Shock  levels  of  1000  g, 

Fig.  5,  and  2000  and  3000  g,  Fig.  6,  were  per¬ 
formed  on  70  durometer  die  rubber.  Pre-shock 
and  post-shock  acceleration  of  the  1000-g  pulse 
is  displayed.  Figure  7  shows  shock  signatures 
of  3000  and  4000  g  accomplished  by  using  molded 
polyurethane  elastomer  pads  as  the  impact  me¬ 
dium.  All  testing  was  done  on  21  square  inches 
of  material,  4  inches  thick  (two,  2 -inch  thick¬ 
nesses).  A  rebound  velocity  of  approximately 
4C  percent  of  the  impact  velocity  was  experi¬ 
enced  from  both  materials.  Shock  history  was 
monitored  by  Tektronix  oscilloscope  Model  535, 
Hughes  memoscope  Model  104,  and  Endevco  ac¬ 
celerometer  Model  2225.  Filtering  was  at 
10,000  cps. 


IOOO  e  FULL.  SCALE 
2  MS/DIVISION 
IOOO  8-5MS 


IOOO  G 


PRE-SHOCKPOST-SHOCK 


Figure  5 


2000  6  FULL  SCALE  3000  e  FULL  SCALE 
I  MS/DIVISION  I  MS/Di  VISION 

2000  6-2.75  MS  3000  6-2 Ml 


Figure  6 
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3000  6  FULL  SCALE 
I  MS/ DIVISION 
3000  6 -2.5  MS 


4000  6  FULL  SCALE 
I  MS/DIVISION 
4000 6-2  MS 


Figure  7 


Figure  8 


PRE-SHOCK  AND  POST-SHOCK 
ACCELERATIONS 

In  most  instances  pre-shock  and  post-shock 
acceleration  (of  the  machine  to  the  specimen)  is 
limited  to  20  percent  of  the  primary  shock. 
Post-shock  acceleration  of  the  "Reverse  Hyge" 
is  minimized  by  contact  of  the  specimen  car¬ 
riage  on  the  impact  material.  The  primary 
shock  pulse  must  be  five  times  as  great  as  the 
machine's  pre- shock.  At  maximum  operating 
pressures,  the  combined  weight  of  the  piston, 
shaft,  and  specimen  carriage  (60  pounds)  reached 
a  pre-shock  acceleration  of  600  g.  Therefore, 
the  minimum  shock  pulse  for  60  pounds  at 
maximum  pressures  would  be  3000  g.  Refer¬ 
ence  can  be  made  to  Fig.  8  to  determine  the 
minimum  primary  shock  on  the  total  accelerated 
weight  that  would  be  five  times  the  machine's 
pre -shock  acceleration. 


THE  MODIFICATIONS 

The  specimen  carriage  has  a  flat  striking 
surface  of  area  sufficient  to  support  expansion 
of  the  impact  material.  An  impact  plate  bolted 


on  top  of  the  Hyge  cap  plate  also  serves  as  ex¬ 
pansion  support.  A  shaft  extension  connecting 
the  specimen-carriage  to  the  Hyge  shaft  is  used 
to  maintain  the  desired  stroke  length  by  adjust¬ 
ing  for  differences  in  material  height.  The  ori¬ 
fice  plate  opening  and  piston  seal  are  sized  for 
a  fire  pressure  ratio  of  5  to  1.  The  piston  seal 
is  fabricated  from  1/8 -inch  teflon  sheet,  and 
bolts  into  the  face  of  the  piston.  Reliefs  ma¬ 
chined  on  top  and  bottom  surfaces  of  the  teflon 
form  the  sealing  surface. 

CONCLUSION 

Continued  use  of  the  Reverse  Hyge  has 
shown  its  shock  repeatability  to  be  better  than 
±10  percent  of  the  desired  level.  Pulse  distor¬ 
tion,  as  seen  on  photographs  displaying  shock 
capabilities,  will  be  decreased  by  designing  a 
lighter  piston. 

At  maximum  operating  pressures,  a  tri¬ 
angular  shock  pulse  of  4600  g  at  2  milliseconds 
was  recorded.  Efforts  to  increase  the  machine's 
capability  (high  g,  shorter  pulse)  will  include  the 
investigation  of  high  impact  strength  plastic  as 
a  source  of  shock  pulse  control. 
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SIMULATING  FLIGHT  ENVIRONMENT  SHOCK 
ON  AN  ELECTRODYNAMIC  SHAKER 


G.  W.  Painter  and  H.  J.  Parry 
Lockheed-California  Company 
Burbank,  California 


A  program  to  develop  a  method  to  produce  oscillatory  acceleration 
transients  with  adjustable  shock  spectra  will  be  described.  Using  this 
method,  a  wide  range  of  pulse  conditions  can  be  accommodated  includ¬ 
ing  an  "average"  or  "data  envelope"  type  pulse.  The  equipment  used 
and  some  results  of  the  experimental  program  to  date  will  be  discussed. 


INTRODUCTION 

Laboratory  environmental  shock  testing 
generally  involves  subjecting  equipment  to  a 
motion-time  transient  that  approximates  some 
well  known  classical  pulse  shape.  Typical  ex¬ 
amples  are  the  half-sine  and  saw-tooth  acceler¬ 
ation  pulses.  These  test  pulses  generally  bear 
little  resemblance  to  the  complex  transients 
that  are  experienced  in  the  operating  environ¬ 
ment.  Their  amplitude  and  duration  are  gen¬ 
erally  so  chosen  as  to  produce  a  shock  spec¬ 
trum  that  is,  at  all  frequencies,  in  excess  of 
that  associated  with  transients  measured  during 
operation.  Since  the  pulse  shape  fixes  the  shape 
of  the  response  spectrum,  the  test  engineer  must 
accept  spectral  magnitudes  at  some  frequencies 
that  are  considerably  in  excess  of  operational 
levels.  Furthermore,  it  is  usually  not  possible 
to  ameliorate  the  distortion  introduced  by  the 
dynamic  response  of  the  test  fixture. 

Shock  testing  is  usually  accomplished  by 
drop  testing  or  by  impacting  the  equipment  with 
a  moving  mass.  In  recent  years  increased  at¬ 
tention  has.  been  given  to  the  use  of  electrody¬ 
namic  shake  tables  for  applying  the  desired  test 
transient.  These  efforts  have  accompanied  the 
production  of  large  shakers  and  electronic  am¬ 
plifiers  and  have  arisen  not  only  from  a  desire 
to  allow  greater  flexibility  in  controlling  the 
magnitude  and  duration  of  the  test  pulse,  but 
also  from  a  consideration  of  the  potential  cost 
reduction  that  could  be  realized  if  the  same  ma¬ 
chine  could  be  used  for  both  shock  and  vibration 
testing.  For  the  most  part,  the  use  of  electro¬ 
dynamic  shakers  has  been  confined  to  the 


production  of  approximate  classical  time  func¬ 
tions  such  as  the  half -sine. 

Recently,  Schwabe1  described  a  method  for 
generating  arbitrary  voltage  transients  and  then 
producing  corresponding  acceleration-time 
transients  on  a  shake  table  with  minor  distor¬ 
tion.  Although  the  transients  described  were, 
at  least  in  a  practical  sense,  confined  to  the 
generation  of  relatively  simple  oscillatory 
acceleration-time  patterns,  the  results  were 
sufficiently  encouraging  to  suggest  further  work. 
It  was  decided  to  explore  other  possibilities  for 
shake  table  shock  testing,  placing  particular 
emphasis  upon  the  production  of  motion-time 
transients  that  would  have  arbitrarily  defined 
shock  spectra. 


SHOCK  AND  FOURIER  SPECTRA 

Although  a  peak  response  (shock)  spectrum 
can  be  derived  from  a  given  time  function,  the 
inverse  operation  of  deriving  a  time  function 
from  the  shock  spectrum  cannot  be  carried  out. 
There  does  exist  a  unique  relationship  between 
the  complex  Fourier  spectrum  and  its  associated 
time  function.  Furthermore,  a  linear  relation¬ 
ship  exists  between  the  undamped  residual  shock 
spectrum  and  the  absolute  Fourier  spectrum. 

As  a  result  of  these  considerations,  initial  at¬ 
tention  was  given  to  the  problem  of  finding  a 


^H.  Schwabe,  "An  Approach  to  Polaris  Flight 
Shock  Simulation  by  Electrodynamic  Shaker," 
Shock,  Vibration,  and  Associated  Environments, 
Bull.  No.  31,  Part  II  (Mar.  1963),  pp.  144-163. 


85 


time  function  whose  absolute  Fourier  transform 
(and  hence,  whose  undamped  residual  shock 
spectrum)  would  approximate  a  desired  shape 
and  magnitude.  The  absolute  Fourier  spectrum 
contains  no  phase  angle  information,  and  there 
are  an  infinite  number  of  time  functions  asso¬ 
ciated  with  a  given,  absolute  Fourier  spectrum. 
Nevertheless,  once  the  absolute  Fourier  spec¬ 
trum  has  been  specified,  the  phase  angle  varia¬ 
tion  cannot  be  arbitrarily  selected.  Indeed  it 
can  be  shown  that  if  the  Laplace  transform  of 
the  time  function  is  "minimum-phase"  (i.e.,  no 
zeros  exist  in  the  right-hand  plane),  the  phase 
angle  variation  is  entirely  dependent  upon  the 
absolute  Fourier  spectrum.  These  matters  fall 
within  the  field  of  circuit  synthesis  and  although 
of  considerable  importance  lie  beyond  the  scope 
of  this  paper. 

Although  by  analytical  methods  it  would 
have  been  possible  to  derive  any  number  of 
time  functions  that  would  satisfy  a  given  abso¬ 
lute  Fourier  spectrum,  it  was  of  practical 
necessity  to  provide  a  method  which  would  per¬ 
mit  the  test  equipment  operator  to  rely  upon  in¬ 
strumentation  alone  for  deriving  and  producing 
a  required  acceleration  transient. 

It  will  be  shown  that  the  method  developed 
not  only  provides  for  the  generation  of  time 
transients  whose  absolute  Fourier  transform 
approximates  a  desired  value,  but  is  also  suited 
to  the  generation  of  complex  transients  that  will 
yield  a  close  approximation  of  desired  damped 
shock  spectra  patterns. 


TIME  FUNCTION  SYNTHESIS 

If  the  complex  Fourier  transform  F(j<u)  is 
specified,  its  associated  time  function  f(t)  is 
given  by  the  relation: 

><n 

f(t)  =  ^  eXP  (j"t)  <*“•  (1) 


It  can  also  be  shown  that  when  a  system,  whose 
transfer  function  is  given  by  F(jcj)  is  subjected 
to  a  unit  impulse,  the  resulting  response  tran¬ 
sient  will  be  f(t).  It  is  this  relationship,  which 
follows  directly  from  Eq.  1,  that  forms  the  basis 
for  the  transient  synthesis  method  that  was 
devised. 

The  foregoing  suggests  that  if  an  electrical 
network  can  be  synthesized  whose  absolute 
transfer  function,  F(&>),  adequately  approxi¬ 
mates  a  desired  value,  the  corresponding  voltage 
response  transient  (representing  f(t>)  can  be 
generated  by  applying  a  voltage  pulse  of  very 


short  duration  to  the  network  imput.  Such  a 
procedure  would  be  quite  difficult  if  one  were  to 
attempt  to  construct  electrical  networks  analo¬ 
gous  to  complex  structures.  In  practice,  how¬ 
ever,  the  dynamic  response  characteristics  of 
structures  should  be  viewed  as  requiring  a  sta¬ 
tistical  description  rather  than  an  exact  one. 
This  observation  becomes  increasingly  true  at 
higher  frequencies  where  the  response  charac¬ 
teristics  are  dominated  by  local  resonances. 

There  are  several  simple  Fourier  spectrum 
contours  that  are  of  general  interest.  Three 
such  forms  that  might  be  considered  are  exem¬ 
plified  by  low-pass,  high-pass,  and  band-pass 
filters.  Voltage  transients  derived  from  a 
selection  of  band  pass  filters  by  applying  a  unit 
impulse  to  their  input  terminals  are  given  in 
Fig.  1.  Up  to  this  point  the  discussion  of  time 
function  synthesis  rests  upon  a  firm  analytical 
base.  The  objective  of  the  program,  however, 
was  to  synthesize  motion  transients  on  a  shake 
table  whose  shock  spectra  would  approximate 
certain  arbitrary  patterns.  The  method  devised, 
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Fig.  1  -  Transient  responses  of  band-pass 
filters  excited  by  a  short  voltage  pulse 
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although  suggested  by  the  relation  between  the 
Fourier  transform  and  its  corresponding  repre¬ 
sentation  in  the  time  domain,  was  actually  de¬ 
rived  empirically.  It  will  be  shown  that  the 
transient  synthesis  method  developed  is  quite 
analogous  to  the  procedures  followed  in  shaping 
the  power  spectral  density  function  associated 
with  random  vibration. 

Most  readers  will  be  familiar  with  the  up¬ 
per  schematic  diagram  given  in  Fig.  2  which 
shows  the  generating,  compensating,  shaping, 
and  readout  operations  involved  in  random  vi¬ 
bration  testing.  The  ’'white"  noise  generator 
has  a  power  spectral  density  which  is  essen¬ 
tially  constant  over  the  frequency  range  of  in¬ 
terest.  Undesirable  variations  in  the  total  sys¬ 
tem  transfer  function  are  corrected  by  employing 
various  compensation  filters.  Shaping  of  the 
power  spectral  density  is  accomplished  by  ad¬ 
justing  shaping  filters  while  monitoring  that 
portion  of  the  mean  square  signal  that  passes 
through  a  narrow -band  analyzer.  A  schematic 
representation  of  the  shock  transient  synthesis 
method  is  given  in  the  other  schematic  of  Fig.  2. 
The  "generating  source"  is  a  voltage  pulse  gen¬ 
erator.  The  pulse  produced  is  sufficiently  short 
(100  microseconds)  to  have  an  associated 
Fourier  transform  which  is  virtually  flat  from 


zero  to  above  2000  cps.  (It  is  useful  to  note 
th;  t  the  spectral  representations  of  the  unit  im¬ 
pulse  and  white  noise  are  both  constant  over  an 
infinite  frequency  range.)  The  voltage  pulse  is 
applied  to  a  network  of  compensating  and  shap¬ 
ing  filters,  an  operation  which  closely  parallels 
the  procedure  followed  in  random  vibration  test¬ 
ing.  The  table  motion  transient  is  sensed  by  an 
accelerometer  whose  output  signal  is  fed  to  a 
shock  spectrum  analyzer  that  was  developed 
during  the  course  of  the  program.  This  analyzer 
employs  operational  amplifiers  and  can  be  con¬ 
sidered  to  be  a  special  purpose  analog  computer. 
The  Q  of  the  analyzer  is  continuously  adjustable 
in  an  interval  of  5  to  50.  Once  selected,  Q  re¬ 
mains  constant  as  the  resonance  of  "sampling" 
frequency  is  adjusted.  This  frequency  is  con¬ 
tinuously  variable  in  an  interval  from  20  to  2000 
cps.  A  study  of  Fig.  3  will  show  that  the  trans¬ 
fer  function  of  the  shock  spectrum  filter  has  a 
value  of  unity  (zero  db)  at  zero  frequency.  It 
follows,  that  although  the  filter  output  will  be 
most  sensitive  to  those  spectral  components  of 
the  input  transient  that  fall  in  the  vicinity  of  the 
sampling  frequency,  it  will  also  be  affected 
somewhat  by  all  of  the  spectral  components  that 
lie  below  the  sampling  frequency.  The  damped 
shock  spectrum  analyzer  is,  therefore,  seen  to 
differ  in  this  respect  from  the  narrow-band 


RANDOM  VIBRATION  TESTING 


SHOCK  TESTING 


Fig.  2  -  Power  spectrum  and  shock  spectrum  synthesis 
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Fig.  3  -  Constant  "Q"  analyzer  forward  transfer  function,  Q  =  10 


filter-analyzer  employed  in  random  vibration 
testing.  In  the  latter  case  the  energy  passing 
through  the  filter  is  confined  virtually  only  to 
those  frequency  components  that  lie  in  the  im¬ 
mediate  vicinity  of  the  center  frequency. 


TRANSIENT  SYNTHESIS  PROCEDURE 

Shock  transients  are  produced  with  the 
present  system  by  the  following  procedure: 

The  shaker  system  is  first  equalized  by  the 
familiar  techniques  used  in  random  vibration 
testing.  An  array  of  1/3 -octave  band  shaping 
filters  is  then  introduced  into  the  system.  The 
input  terminals  of  all  the  1/3 -octave  band  filters 
are  subjected  simultaneously,  at  periodic  inter¬ 
vals,  to  a  voltage  pulse  from  the  pulse  genera¬ 
tor.  The  output  transients  from  all  of  the  filters 
are  fed  to  a  summing  amplifier  whose  output  is 
in-turn  passed  to  the  shock  spectrum  analyzer. 
Separate  gain  controls  are  provided  for  each  of 
the  1/3 -octave  band  shaping  filters.  As  men¬ 
tioned  above,  the  output  of  the  shock  spectrum 
analyzer  is  affected  by  all  frequencies  that  fall 
below  the  sampling  frequency  but  very  little  by 
higher  frequencies.  For  this  reason  transient 
synthesis  involves  a  "building  block"  process. 
The  lowest  frequency  components  are  introduced 
first,  and  high  frequencies  are  added  sequentially. 
Synthesis  is  accomplished  by  first  reducing  all 
filter  gaincontrols,  except  for  the  one  associated 
with  the  lowest  band,  to  zero.  With  the  frequency 
of  the  shock  spectrum  analyzer  set  at  the  cen¬ 
ter  frequency  of  the  first  1/3-octave  band,  the 
gain  of  the  latter  is  adjusted  until  the  peak 


response  of  the  analyzer,  as  indicated  on  an 
oscilloscope,  has  the  desired  magnitude.  The 
same  procedure  is  followed  as  higher  and 
higher  1/3-octave  bands  are  introduced  until 
the  acceleration  transient  produces  the  re¬ 
quired  shock  spectrum  envelope  over  the  entire 
frequency  range  of  interest. 

The  choice  of  1/3-octave  band  filters  for 
shaping  the  table  transient  was  an  arbitrary 
one.  The  shock  spectra  envelopes  which  were 
to  be  duplicated  were  generally  rather  smooth, 
containing  no  sharp  peaks  or  notches.  The  pro¬ 
duction  of  transients  with  jagged  spectra  would 
require  shaping  filters  of  narrower  bandwidth. 
Sharp  deviations  in  shock  spectra  which  might 
arise  from  narrow  peaks  and  notches  tend  to 
become  increasingly  subdued  as  the  Q  of  the 
spectrum  analyzer  is  decreased.  In  the  majority 
of  cases  the  Q  of  the  analyzer  was  set  at  10,  a 
value  that  previously  had  been  employed  in  de¬ 
riving  the  shock  spectra  associated  with  tran¬ 
sients  measured  in  flight. 


EVALUATION  OF  THE  SHOCK 
TRANSIENT  SYNTHESIS  METHOD 

The  development  of  the  transient  synthesis 
method  can  be  divided  into  three  phases.  In  the 
first  phase  no  shake  table  was  involved,  and  the 
total  system  consisted  of  the  pulse  generator, 
1/3-octave  band  shaping  filters,  summing  am¬ 
plifier,  the  shock  spectrum  analyzer,  and  an 
oscilloscope.  The  voltage  transient  produced  at 
the  output  terminals  of  the  summing  amplifiers 
was  considered  to  represent  an  acceleration 
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signal.  The  capability  for  shaping  a  voltage 
transient  whose  shock  spectrum  approximates  a 
desired  pattern  is  indicated  in  Figs.  4  and  5, 
where  the  desired  spectra  are  based  on  tran¬ 
sients  recorded  during  Polaris  operation.  The 
agreement  between  the  desired  and  produced 
spectra  is  seen  to  be  very  good.  A  photograph 
of  the  voltage  transients  associated  with  the 
spectra  given  by  Fig.  4  is  shown  in  Fig.  6.  The 
absolute  Fourier  spectrum  for  the  same 


transient  is  given  in  Fig.  7.  During  the  next 
phase  of  the  development,  a  small  cali¬ 
brating  shaker  with  an  accelerometer  at¬ 
tached  to  the  table  was  introduced,  and  the 
acceleration  transient  was  shaped  to  yield 
the  desired  spectra.  These  efforts  also 
were  successful  and  we  proceeded  to  evaluate 
the  capability  for  producing  desired  transients 
in  typical  hardware  mounted  on  a  full  scale 
electromagnetic  shaker. 


FIT.  TRANSIENT  ENVELOPE 

l0i - 1 - — SIMULATED  SPECTRUM  (POSITIVE) 
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Fig.  4  -  Simulated  shock  spectrum,  positive 


FREQUENCY  (CPS) 

Fig.  5  -  Simulated  shock  spectrum,  negative 
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Fig.  6  -  Simulated  pulses 


This  final  phase  of  the  program  was  carried 
out  using  a  table  having  an  output  vector  force  of 
5000  pounds.  The  hardware  attached  to  the  table 
consisted  of  a  test  fixture  weighing  approximately 
50  pounds  whose  configuration  is  shown  in  Fig.  8. 
An  accelerometer  was  attached  on  the  fixture 
near  the  end  of  the  overhanging  section,  as 
shown  in  the  photo.  The  response  function  indi¬ 
cated  by  the  accelerometer  involved  a  multitude 
of  sharp  resonances  and  anti-resonances.  A 
comparison  of  the  system  transfer  function  be¬ 
fore  and  after  equilization  is  given  by  Figs.  9 
and  10,  respectively.  The  shock  spectrum  de¬ 
rived  from  the  transient  that  was  synthesized  is 
shown  in  Fig.  11.  This  spectrum  obtained  is 
seen  to  be  in  close  agreement  with  that  required. 
An  interesting  fact  associated  with  the  synthe¬ 
sized  pulses  is  that  as  the  effective  bandwidth 
of  the  shock  transient  increases,  the  ratio  of  the 
peak  acceleration  of  the  shock  spectrum  to  the 
peak  acceleration  (magnification  ratio)  of  the 
transient  decreases.  The  transients  that  pro¬ 
duced  the  shock  spectra  shown  in  Figs.  4  and  11 
had  rather  broadband  Fourier  spectra  and  the 
associated  pulse  to  spectrum  magnification 
ratio,  based  on  a  Q  of  10,  was  approximately  3. 
This  compares  with  theoretical  values  of  1.6 
and  1.9  for  the  half-sine  pulse  and  unit  step, 
respectively.  The  transient  produced  by  ring¬ 
ing  a  single  1/3-octave-band  filter  with  a  unit 
impulse  gives  a  magnification  ratio  of  approxi¬ 
mately  6.  For  the  spectrum  shape  shown  in 
Fig.  11  and  total  table  equipment  weight  of  50 
pounds,  it  was  possible  to  produce  transients 
whose  peak  acceleration  spectrum  was  300  g. 
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Fig.  7  -  Absolute  Fourier  spectrum  of  transient  shown  in  Fig.  5 
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Fig.  8  -  Cantilever  beam  fixture 
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Fig.  9  -  Fixture  response,  no  equalization 


These  levels  were  achieved  with  a  5000  pound 
vector  force  table. 

The  peak  table  displacement  is  controlled 
largely  by  the  spectrum  level  required  at  low 


frequencies.  The  displacement  limitations 
were  not  remotely  approached  with  the  tran¬ 
sients  reported  here,  since  the  spectral  pattern 
to  be  produced  had  negligible  values  below 
40  cps. 
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Fig.  11  -  Shock  spectrum  obtained  with  cantilever  beam  fixture 


NONLINEAR  EFFECTS 

From  the  standpoints  of  both  time  and  eco¬ 
nomics,  it  is  highly  desirable  to  synthesize  the 
shape  of  the  shock  transient  at  low  acceleration 
levels,  and  then  increase  the  gain  to  give  the 
required  acceleration  level  for  the  actual  shock 
test.  This  procedure  eliminates  the  need  for 
employing  a  dummy  table  load  during  the  tran¬ 
sient  shaping  operation,  since  the  levels  involved 
during  shaping  could  hopefully  be  low  enough  to 
avoid  the  possibility  of  prior  damage  to  the 


hardware  to  be  tested.  The  success  of  this  plan 
requires  that  the  system  be  reasonably  linear. 

In  order  to  examine  the  effect  of  possible 
nonlinear  response  upon  the  shock  spectrum, 
transients  were  synthesized  at  low  peak  accel¬ 
eration  and  then  increased  to  a  much  higher 
level  while  leaving  the  shaping  filter  settings 
unchanged.  The  results  obtained  are  shown  in 
Figs.  12  and  13.  In  the  former  case  the  equip¬ 
ment  shown  in  Fig.  14  was  attached  to  the  table 
while  in  the  latter  case  the  cantilever  beam 
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Fig.  12  -  Normalized  shock  spectra  at  two  different  levels 


fixture,  Fig.  8,  was  attached.  In  both  cases  the 
spectrum  shape  is  seen  to  be  virtually  independ¬ 
ent  of  the  acceleration  level  of  the  transient. 
Since  the  equipments  chosen  to  load  the  table 
are  typical  of  most  types  that  are  encountered 
in  environmental  shock  testing,  it  appears 
reasonable  to  expect  that  nonlinear  response 
generally  will  present  no  problem. 

CONCLUSION 

At  the  time  of  this  writing  all  development 
efforts  have  been  confined  to  the  generation  of 
acceleration  transients  that  will  produce  a 
specified  damped  acceleration  shock  spectrum 
envelope  based  on  a  Q  of  10.  The  spectrum 


patterns  involved  have  been  relatively  smooth 
since  they  were  based  on  a  large  number  of 
tests.  The  transient  synthesis  technique  that 
has  been  described  is  by  no  means  confined  to 
spectral  patterns  of  the  type  that  have  been  de¬ 
scribed,  however.  Indeed,  if  an  adequate  supply 
of  shaping  filters  were  available,  there  appears 
to  be  virtually  no  limit  to  synthesis  capabilities. 
It  might  be  desired,  under  certain  circumstances, 
for  instance,  to  simulate  transients  that  involve 
prolonged  ringing  at  certain  frequencies,  so  as 
to  simulate  the  behavior  of  a  lightly  damped 
structure  vibrating  in  its  normal  modes.  These 
could  be  realized  readily  by  employing  narrow 
band  peak-notch  or  second  order  filters  as 
shaping  devices. 
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Fig.  14  -  Interlocks  I 


Although  the  primary  development  effort 
has  been  directed  at  producing  transients  that 
will  provide  a  specified  shock  spectrum,  it 
should  be  remembered  that  the  method  is 
equally  well  suited  to  the  simulation  of  the  ab¬ 
solute  Fourier  spectra.  Actually,  in  some 
cases,  it  may  be  more  desirable  to  design  the 
transient  to  yield  a  specified  Fourier  spectrum, 
since  this  spectrum  provides  a  considerably 
better  description  of  structural  response  than 
damped  shock  spectra. 

The  test  method  described  has  been  found 
to  be  highly  practical  and  entirely  compatible 
with  commercially  available  shake  table  sys¬ 
tems.  Its  advantages,  when  compared  to  con¬ 
ventional  methods,  are  as  follows: 

1.  Shock  tests  can  be  conducted  with  the 
same  test  machine  employed  in  vibration 
testing. 

2.  The  transient  can  be  shaped  to  provide 
a  close  approximation  of  the  desired  shock 
spectrum. 

3.  Non- representative  oscillations  peculiar 
to  fixture  design  can,  if  desired,  be  practically 
eliminated. 

4.  The  high  velocity  change,  associated 
with  drop  testing,  can  often  impose  unrealistic 
loads  upon  components  having  a  low  natural 


frequency.  The  new  method  can  eliminate  this 
problem. 

5.  In  tests  that  employ  classical  unidirec¬ 
tional  pulses,  the  severity  of  the  test  specifica¬ 
tion  derived  is  greatly  dependent  upon  the  Q 
value  that  is  assumed  for  the  hypothetical  reso¬ 
nators  in  deriving  shock  spectra  from  flight 
transients.  The  choice  of  Q  becomes  less  criti¬ 
cal  when  oscillatory  test  transients  are  synthe¬ 
sized  to  yield  damped  spectra  based  on  the  same 
Q  value  used  in  determining  the  shock  spectra 
of  transients  recorded  in  flight. 

6.  It  appears  that  the  method  can  be  ex¬ 
tended  to  simulate  desired  three-dimensional 
spectral  envelopes. 

7.  Positive  and  negative  spectra  are  vir¬ 
tually  identical,  eliminating  the  need  for  chang¬ 
ing  equipment  orientation. 

Further  developmental  work  will  be  required 
to  realize  the  full  potential  of  the  method. 
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DISCUSSION 


Mr.  Campbell:  I'm  sure  there  will  be 
questions  from  those  who  are  curious  about 
what  this  does  to  the  vibration  machine  after 
repeated  shock. 

Mr.  Painter:  I  can  only  comment  that  we 
haven't  broken  ours  yet.  I  might  add  that  we  get 
sort  of  a  bonus  here  as  far  as  the  amount  of 
shock  spectrum  that  you  get  for  a  given  peak 
amplitude.  If  one  has  a  half-sine  wave,  the 
ratio  of  the  maximum  shock  spectrum  amplitude 
to  the  amplitude  of  the  sine  wave  is  about  1.8:1. 
For  the  spectrum  I  showed  here,  it  is  about  3:1. 
If  one  is  simulating  a  very  narrow  band  phenom¬ 
enon  it  can  approach  10:1,  if  you  are  using  a  Q 
of  10  for  the  spectral  analysis.  The  fact  that 
you  do  have  more  wiggles  gives  you  a  higher 
ratio  of  shock  spectrum  to  the  peak  transient. 

Mr.  Bogdanoff  (Midwest  Applied  Science): 
This  was  a  very  interesting  paper,  Mr.  Painter. 
Have  you  considered  the  possibility  of  detecting 
nonlinearities  in  mechanical  systems  by  this 
technique? 

Mr.  Painter:  No,  we  have  not.  I  would 
think  that  if  one  wanted  to  do  that,  he  could  do 
better  with  a  sinusoidal  excitation. 

Mr.  Mahaffey  (Chance  Vought  Corp):  You 
mentioned  that  you  induced  a  pulse  which  you 
then  shaped.  What  was  the  shape  of  the  original 
pulse  that  you  started  with? 

Mr.  Painter:  This  pulse  was  essentially 
rectangular  with  a  duration  of  about  100  micro¬ 
seconds.  The  important  thing  is  that  it  have 
enough  magnitude  to  make  your  signal -to -noise 
ratio  as  high  as  possible,  and  that  it  be  short 
enough  so  that  its  Fourier  transform  doesn't 
fall  off  very  much  within  the  frequency  range  of 
interest.  Now  a  hundred  microseconds  of  pulse 
doesn't  start  falling  off  very  much  until  you  get 
above  2000  cps.  This  was  the  range  we  covered 
and  if  we  wanted  to  go  higher  than  that  we  would 
have  used  an  even  shorter  pulse. 

Dr.  Vignest:  (NRL):  This  method  will  be 
particularly  useful  and  suitable  when  you  have 
an  opportunity  to  get  into  your  missile  or  what¬ 
ever  it  might  be  and  make  measurements  which 
you  can  analyze  in  terms  of  shock  spectra  with 
the  equipment  actually  in  place.  Otherwise, 
there  really  isn't  any  advantage  of  having  a  nice 
detailed  shock  spectrum,  because  they  vary  so 
much  from  one  point  or  condition  to  another.  I 
would  like  to  ask  one  question,  though.  This 
technique  is  used  on  an  electro-dynamic  shaker 
where  the  clearances  are  quite  limited. 


Could  you  give  some  idea  as  to  what  problems 
you  might  run  into  there? 

Mr.  Painter:  We  have  run  into  no  problem 
at  all  of  this  sort  in  the  case  of  the  particular 
transient  that  we  were  producing  because  the 
spectrum  requirements  tapered  off  and  at  40 
cps  they  were  quite  low.  We  haven't  had  the 
problems  that  may  result  from  trying  to  pro¬ 
duce  half -sine  waves  on  shakers.  There,  of 
course,  if  you  have  a  pulse  of  fairly  long  dura¬ 
tion  and  high  amplitude,  a  high  velocity  is  de¬ 
veloped  that  you  have  to  get  rid  of,  and  this  re¬ 
quires  a  very  large  displacement  amplitude 
available  on  the  shaker.  But,  if  the  spectrum 
requirement  in  the  low  frequency  regions  are 
not  too  great,  it  is  not  injurious  to  use  this 
technique  with  conventional  shakers.  In  this 
case,  we  didn't  come  close  to  approaching  the 
limitations  of  the  Ling  shaker. 

Mr.  Stewart  (Douglas):  You  mentioned  du¬ 
plicating  absolute  Fourier  spectra  so  frequently 
that  I  think  you  gave  the  impression  that  it  is 
reasonable  to  duplicate  measured  Fourier  spec¬ 
tra.  You  didn't  mean  to  do  that,  did  you? 

Mr.  Painter:  I  didn't  mean  to  imply  that. 

I  think,  however,  that  if  one  could  ever  state 
with  certainty  that  he  has  one  and  only  one 
transient  that  he  ever  encounters  in  service,  it 
would  be  very  reasonable  to  do  this.  I  do  not 
think  the  fact  that  phase  relationships  are  not 
necessarily  the  same  would  constitute  a  prob¬ 
lem.  It  is  interesting  to  note  that  there  is  a  re¬ 
lationship  between  a  residual  shock  spectrum 
and  the  absolute  Fourier  spectrum,  and  that  re¬ 
lationship  says  nothing  about  phase.  Apparently 
one  can  have  a  great  number  of  phase  relation¬ 
ships  and  still  have  the  residual  and  absolute 
Fourier  spectra  directly  related.  But,  of 
course,  the  phase  would  affect  total  shock 
spectra. 

Dr.  Curtis  (Hughes  Aircraft):  It  is  custom¬ 
ary  to  compute  spectra  with  a  Q  somewhat 
higher  than  10.  Do  you  have  any  feel  for  the 
ability  to  reproduce  and  match  a  desired  spec¬ 
trum  for  Q's,  lets  say,  up  to  a  hundred? 

Mr.  Painter:  We  have  tried  this  technique 
with  a  Q  of  50.  That  is  as  high  as  our  analyzer 
would  go.  I  think  we  could  probably  increase  it, 
but  we  haven't  made  the  effort.  With  regard  to 
what  is  conventional,  some  of  you  may  recall  a 
questionaire  that  was  sent  out  by  the  SAE  G-5.7 
subcommittee  on  shock  in  which  we  asked  what 
Q's  were  in  use  by  different  people.  I  don’t 
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know  how  many  of  you  read  the  summary,  but  it 
was  published  in  some  of  the  minutes.  It  turned 
out  that  more  people,  for  some  reason  or  other, 
seem  to  prefer  a  Q  of  10  than  any  other  Q.  This 
is  something  on  which  I  do  not  think  there  has 


♦ 


been  any  standardization.  Everybody  has  his 
own  opinion  as  to  what  Q  should  be.  The  reason 
we  used  a  Q  of  10  here  was  because  this  was 
the  value  that  was  used  in  deriving  the  spectra 
from  Polaris  flights. 


♦  * 
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ONE-QUARTER  SCALE  MODELS  OF  THE  i 

GEMINI  AND  AGENA  SPACECRAFT 

N.  E.  Stamm  and  L.  A.  Priem  i 
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* 
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One  phase  of  the  NASA-Gemini  space  program  is  the  rendezvous  and 
mooring  of  the  earth  orbiting  Gemini  and  Agena-D  spacecraft.  The 
McDonnell  Structures  Laboratory  simulated  the  mooring  portion  of  this 
program  using  1/4-scale  models  of  the  spacecraft  suspended  from 
"zero  spring  rate"  support  systems. 

Some  of  the  problems  which  evolved  from  this  test  included  the  design 
and  fabrication  of  dynamically  scaled  models,  development  cf  "zero-g" 
suspension  systems,  and  control  of  the  relative  model  attitudes  and 
velocities  at  impact. 

The  1/4-scale  mooring  test  provided  data  which  substantiated  initial  de¬ 
sign  concepts  and  established  mooring  parameters  which  must  be  main¬ 
tained  for  a  successful  mooring  of  the  two  spacecraft. 


INTRODUCTION 

One  phase  of  the  NASA-Gemini  space  pro¬ 
gram  is  the  rendezvous  and  mooring  of  the 
McDonnell  built  Gemini  spacecraft  and  the 
Lockheed  built  Agena-D  target  vehicle  equipped 
with  a  McDonnell  mooring  adapter.  The  moor¬ 
ing  adapter  on  the  Agena  is  basically  a  receiving 
cone  mounted  on  shock  absorbers  which  guide 
the  rendezvous  section  of  the  Gemini  spacecraft 
into  the  required  position  for  latching  the  two 
vehicles  together. 

The  McDonnell  Structures  Laboratory  con¬ 
ducted  a  dynamic  mooring  test  program  using 
1/4-dynamically-scaled  test  vehicles.  The  pur¬ 
pose  of  this  program  was  to: 

1.  Determine  the  stability  of  the  shock 
absorbing  modes. 

2.  Determine  the  maximum  impact  loads 
in  various  structural  components. 

3.  Determine  the  performance  of  the  latch¬ 
ing  mechanism. 

4.  Determine  the  limiting  relative  velocities 
and  alignments  which  insure  proper  "latch-up.” 


DESIGN  AND  CONSTRUCTION 

Scale  factors  furnished  by  the  McDonnell 
Structural  Dynamics  Department  were  applied 
to  the  models  during  their  design  to  insure  that 
the  test  was  dynamically  correct  and  the  data 
obtained  could  be  converted  and  applied  to  the 
full-scale  spacecraft.  The  rigid  body  mass  of 
each  model  was  assigned  to  be  1/100' scale  to 
facilitate  testing,  instead  of  1/64  which  would 
have  been  the  scale  factor  if  all  the  model  com¬ 
ponents  were  1/4  the  size  and  constructed  of 
the  same  material.  This  presented  the  problem 
of  fabricating  a  structure  strong  enough  to  with¬ 
stand  the  impact  loads  and  still  capable  of  meet¬ 
ing  the  weight  requirements.  Also,  the  calcu¬ 
lated  scale  factor  for  the  three  axes  mass 
moment  of  inertia  was  1/1600  which  meant  the 
structural  mass  had  to  be  concentrated  fairly 
close  to  the  center  of  gravity  to  obtain  the  proper 
inertia  values.  The  Agena  model,  which  had  a 
very  small  value  of  roll  inertia,  had  to  be  de¬ 
signed  so  that  its  weight  could  be  changed  con¬ 
siderably  without  an  appreciable  change  in  the 
roll  inertia.  The  proper  values  of  weight  and 
inertia  were  obtained  by  thin-walled  tubular 
construction  with  movable  ballast.  The  inner 
mold  lines  of  the  mooring  cone  and  outer  mold 
lines  of  the  Gemini  rendezvous  section  were 
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geometrically  scaled  down  from  the  full-size 
prototypes.  The  mold  lines  of  the  remainder  of 
the  models  were  not  maintained.  The  surfaces 
of  the  Agena  and  the  Gemini  models  which  con¬ 
tacted  one  another  during  mooring  were  con¬ 
structed  of  the  same  material  used  in  the  full- 
scale  configurations. 

At  the  base  of  the  Agena  mooring  cone, 
three  equally  spaced  spring-loaded  latches  drop 
into  recesses  in  the  rendezvous  section  of  the 
Gemini  when  the  Gemini  bottoms  on  the  cone 
stops.  The  latches  and  recesses  are  properly 
positioned  for  engagement  by  guiding  an  indexing 
bar  on  the  Gemini  nose  with  a  roll  slot  in  the 
mooring  cone.  The  spring  constants  and  geome¬ 
try  of  these  latches  were  scaled  from  the  full- 
size  prototypes. 

One  of  the  more  interesting  design  problems 
in  the  construction  of  the  models  was  the  hydraulic 
shock  absorbers  (dampers)  which  attach  the 
mooring  cone  to  the  Agena.  Seven  dampers 
dissipate  energy  associated  with  relative  vehicle 
longitudinal,  lateral,  and  rolling  motion.  In  the 
full-scale  prototype  spacecraft,  the  dampers 
are  attached  with  mono-ball  type  fittings  which 
were  impractical  in  the  model  design  because 
of  the  size  limitations.  A  ball  and  socket  type 
fitting  was  used  to  secure  the  dampers  on  the 
model  which  established  single  point  pivots  and 
maintained  small  size.  Four  semiconductor 
strain  gages  were  bonded  to  the  damper  end 
fitting  shafts  in  order  that  damper  loads  could 
be  recorded.  A  microscope  was  employed  in 
the  placement  of  the  strain  gages  on  the  shafts 
since  the  shafts  were  only  1/8  inch  in  diameter. 
To  insure  that  the  mooring  cone  will  always  be 
in  the  extended  position  prior  to  impact  with  the 
Gemini  spacecraft,  four  dampers  contain  pre- 
loaded  compression  springs.  The  orifice  area 
varies  with  stroke  on  the  dampers  without 
springs  and  a  constant  orifice  area  is  maintained 
on  the  dampers  containing  springs.  To  prevent 
the  two  spacecraft  from  rebounding  due  to  the 
energy  stored  in  the  damper  springs,  very 
small  return  orifices  are  provided  on  these 
dampers.  Since  the  compressed  lengths  of  the 
model  dampers  ranged  from  3  to  1-7/8  inches, 
it  was  difficult  to  design  dampers  which  had  the 
proper  operating  characteristics  and  still  be 
geometrically  scaled  in  length  and  stroke  from 
the  full-size  dampers.  For  the  dampers  re¬ 
quiring  smaller  return  orifices,  a  check  ball 
was  used  to  close  off  most  of  the  compression 
orifice  area.  The  variable  orifice  was  obtained 
by  a  fixed  tapered  metering  pin  which  fits  into 
an  orifice  in  the  piston.  Friction  was  the  biggest 
problem  involved  in  obtaining  damper  perform¬ 
ance  which  matched  scaled  theoretical  prototype 
curves,  since  the  scale  factor  for  frictional 


forces  was  1/25.  All  contacting  moving  parts 
had  to  be  highly  polished  to  close  tolerances. 
Each  damper  was  calibrated  individually  and 
the  orifice  modified  until  the  desired  operating 
characteristics  were  obtained.  Calibration  was 
performed  by  impacting  the  damper  with  a 
specific  mass  at  a  known  velocity  and  recording 
the  damper  load  and  stroke  versus  time. 

Since  this  test  was  to  simulate  a  maneuver 
which  takes  place  between  earth  orbiting  vehi¬ 
cles,  it  was  desirable  that  the  models  be  free  to 
move  linearly  and  angularly  in  any  direction 
with  minimum  friction.  This  was  accomplished 
by  supporting  each  model  with  a  30-foot  long 
cable  which  was  connected  to  a  spring  suspen¬ 
sion  system  that  effectively  provided  a  zero 
spring  rate  about  the  equilibrium  position.  The 
supporting  cable  was  attached  at  the  center  of 
gravity  of  the  model  to  an  arrangement  of  gim- 
bles  which  allowed  rotational  freedom.  The 
spring  suspension  system  design  was  based  on 
information  obtained  from  W.  G.  Molyneux.1 
The  suspension  system  was  basically  a  model 
support  spring  connected  to  two  lateral  rods 
each  in  compression  from  a  tension  spring.  As 
the  model’s  center  of  gravity  moved  up  or  down 
during  mooring,  the  compressive  forces  in  the 
rods  canceled  the  change  in  the  force  exerted 
by  the  support  spring  thereby  producing  a  zero 
spring  rate  about  the  equilibrium  position.  The 
friction  in  the  system  amounted  to  only  about 
0.06  pound. 

TEST  SETUP  AND  PROCEDURE 

The  models  were  properly  positioned  to 
give  the  desired  relative  impact  attitudes,  and 
each  pulled  back  an  equal  distance  from  the  im¬ 
pact  point,  based  on  pendulum  geometry,  and 
simultaneously  released  to  obtain  the  desired 
relative  impact  velocities.  (See  Fig.  1.)  The 
maximum  relative  impact  velocity  was  only 
1.58  feet  per  second  and  the  small  amount  of 
centrifugal  force  caused  by  this  velocity  was 
counteracted  by  the  frictional  forces  in  the 
suspension  system.  The  spring  suspension 
systems  were  each  positioned  so  the  cable  pivot 
point  was  directly  over  the  model's  center  of 
gravity  in  the  latched  position.  A  surveyer’s 
transit  was  used  to  check  each  model’s  attitude 
and  relative  position  prior  to  release.  A 
variety  of  combinations  of  relative  velocities, 
attitudes,  and  cone  impact  points  were  tested  to 
establish  parameter  envelopes  which  insure 
vehicle  ”latch-up.” 


*W.  G.  Molyneux,  ’’Supports  for  Vibration  Isola¬ 
tion,"  Royal  Aircraft  Establishment  Technical 
Note  No.  Structures  211. 
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SPRING  SUSPENSION  SYSTEMS 
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Fig.  1  -  Gemini  mooring  test  setup,  1/4-scale  model 


An  interesting  problem  developed  during 
the  test  because  the  models  were  very  free  to 
rotate  in  any  direction  about  their  centers  of 
gravity.  Small  air  currents  within  the  building 
caused  the  models  to  move  before  they  were 
released,  which  made  it  almost  impossible  to 
obtain  the  desired  impact  conditions.  Even  if 
someone  would  walk  close  to  the  models  or 
large  banks  of  movie  lights  were  turned  on,  the 
air  disturbance  caused  model  movement.  This 
problem  was  essentially  eliminated  by  enclosing 
the  area  around  the  models  with  a  clear  plastic 
tert. 

Each  model  was  instrumentated  with  six 
linear  accelerometers  which  were  used  to  de¬ 
termine  the  linear  and  angular  accelerations  at 
the  model’s  center  of  gravity  during  mooring. 
Axial  loads  were  also  recorded  for  selected 
dampers.  Regular  and  high-speed  movies  were 
taken  to  study  the  motion  of  the  dampers,  latches, 


and  mooring  cone,  and  to  give  a  visual  history 
of  the  attitudes  of  each  model. 

RESULTS 

The  dynamic  model  mooring  test  effectively 
simulated  the  orbital  mooring  of  the  Gemini 
spacecraft  and  Agena  booster.  The  orbital  con¬ 
dition  of  the  vehicles  was  realistically  duplicated 
by  the  spring  suspension  systems.  The  tests 
confirmed  the  basic  design  of  the  full-scale 
mooring  system  since  the  mooring  loads  were 
within  the  design  values,  and  no  undesirable 
modes  of  damper  collapse  were  found.  Limiting 
envelopes  of  relative  vehicle  attitudes  and  veloc¬ 
ities  at  impact  were  established  that  insure  proper 
'latch-up."  The  1/4-scale  mooring  test  provided 
data  which  substantiated  initial  design  concepts 
and  established  mooring  parameters  which  must 
be  maintained  for  a  successful  mooring  of  the 
Agena  booster  and  Gemini  spacecraft. 

* 
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Section  3 

VIBRATION  TESTING 


PROBLEMS  AND  CONSIDERATIONS  IN  COMBINING  SINE  AND  RANDOM 
VIBRATION  IN  THE  ENVIRONMENTAL  TEST  LABORATORY 

A.  R.  Pelletier 

Radio  Corporation  of  America 


Four  basic  conditions  or  requirements  must  be  considered  when  sweep¬ 
ing  sine  and  random  signals  arc  combined  into  one  vibration  test  envi¬ 
ronment.  Each  of  the  four  conditions  will  be  discussed  in  detail  as  to 
problems,  advantages  and  disadvantages,  and  the  necessity  and  justifi¬ 
cations  to  impose  each  requirement. 


INTRODUCTION 

With  the  advent  of  manned  space  systems 
and  the  associated  high  reliability  requirements, 
the  laboratory  vibration  test  equipments,  re¬ 
quirements,  and  techniques  have  evolved  from 
the  relatively  crude  sinusoidal  testing  methods 
of  recent  years,  to  the  application  of  test  equip¬ 
ments  and  procedures  relating  to  complex  ran¬ 
dom  vibration.  In  fact,  the  test  engineers  and 
technicians  have  just  begun  to  thoroughly  famil¬ 
iarize  themselves  with  the  complexities  and 
limitations  associated  with  the  relatively  inf  n- 
tile  random  vibration  systems  and  techniques, 
wherein  the  testing  approach  and  philosophy  are 
rapidly  advancing  to  a  high  degree  of  sophisti¬ 
cation. 

In  many  instances,  the  sinusoidal  and  ran¬ 
dom  tests  which  are  ordinarily  performed 
either  singularly  or  sequentially,  are  no  longer 
considered  adequate  to  assure  the  degree  of 
required  reliability.  A  combination  or  weighted 
mixture  of  sine  and  random  vibration  into  one 
environmental  test  stimulus  is  at  least  a  de¬ 
sired,  if  not  as  yet  a  specified,  requirement  on 
space  systems  and  subsystems.  The  ultimate 
goal  of  the  sine-random  combination  is  an  in¬ 
crease  in  reliability,  based  upon  a  closer  ap¬ 
proximation  of  the  actual  vibration  environment. 
In  many  instances,  however,  the  intent  can  be 
partially  or  even  totally  defeated,  and  the  appli¬ 
cation  of  the  sine- random  combination  can 


produce  unwarranted  and  deleterious  effects  on 
the  test  specimen. 

As  an  example,  a  dangerous  situation  can 
develop  if  equipment  malfunction  is  induced  by 
overtesting.  Although  the  cost  and  time  involved 
in  failures  caused  by  overtests,  which  are  in¬ 
correctly  assumed  to  be  legitimate  failures, 
could  be  staggering,  these  do  not  constitute  the 
greatest  reliability  danger;  the  ultimate  in 
damage  is  the  result  of  assuming  the  reliability 
of  an  item  which  successfully  survives  an  un¬ 
dertest.  These  overtests  and  undertests  can 
go  entirely  unnoticed,  especially  on  complex 
multiple-degree -of-freedom  systems,  when 
new  or  relatively  untried  complex  test  tech¬ 
niques  and  equipment  are  applied  indiscrimi¬ 
nately,  or  without  detail  consideration  of  all 
aspects  of  the  procedure. 

Combining  a  sweeping  sinusoidal  signal  and 
a  shaped  random  signal  for  vibration  test  in  the 
laboratory  poses  severe  problems  and  require 
special  considerations  heretofore  unnecessary, 
but  which  must  now  be  recognized  and  dealt 
with.  The  interaction  between  the  sine  and  the 
random  in  the  areas  of  control,  shaping,  and 
especially  shaker  equalization  procedures, 
should  receive  careful  and  detail  consideration. 
In  some  instances,  such  as  in  tests  performed 
on  small  components  with  relatively  few 
degrees-of- freedom,  the  crosstalk  or  inter¬ 
action  phenomena  between  the  sine  and  random 
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excitations  is  non-existent  or  negligible  and 
can  usually  be  discounted.  There  exists  an  ex¬ 
treme  danger,  however,  of  damaging  interaction 
between  the  sine  and  random  signals  when  ap¬ 
plied  on  the  subsystem  and  systems  level  be¬ 
cause  of  the  inherent  multiple -degree- of  - 
freedoms  of  the  systems  and  the  associated 
frequency  coupling. 

There  are  several  methods  and  procedures 
used  in  the  test  industry  to  combine  sine  and 
random  vibration  into  one  environmental  test 
stimulus.  The  method  to  be  chosen,  however, 
is  often  dictated  by  several  relatively  uncon¬ 
trollable  factors  such  as  the  availability  of 
complex  and  costly  test  and  control  equipment, 
program  schedule  and  available  test  time.  A 
major  consideration  involves  the  shaker  equali¬ 
zation  procedures  and  associated  equipment, 
and  the  specified  test  levels  and  spectrum  of 
both  the  sine  and  random  environments.  The 
sine- random  mixing  procedures  and  equipments 
which  are  presently  available  for  combining 
sine  and  random  vibration,  do  not  possess  all 
the  desired  and  optimum  features  and  charac¬ 
teristics.  The  choice  of  procedure  necessarily 
involves  a  compromise  and  tradeoff.  Careful 
study  and  deliberate  consideration  of  all  aspects 
such  as  test  objectives,  type  of  test,  levels  and 
spectrum  of  the  sine  and  random  signals,  test 
equipment  availability,  capability,  and  limita¬ 
tions,  are  all  required  to  optimize  the  choice  of 
test  method. 

Since  no  single  method  will  meet  all  the 
desired  features  of  equalization,  shaping,  mix¬ 
ing,  and  so  on,  the  procedure  which  most  closely 
approaches  all  the  optimum  conditions  and  fea¬ 
tures,  as  applicable  to  a  specific  test,  must  be 
determined  and  used. 

There  are  four  basic  conditions,  which  al¬ 
though  considered  idealistic,  must  be  considered 
when  sine  and  random  signals  are  combined  into 
one  vibration  environment  in  the  laboratory. 

The  implication  associated  with  the  term  "ideal¬ 
istic”  is  not  that  the  satisfaction  of  these  opti¬ 
mum  features  is  impossible  or  that  all  vibration 
test  problems  can  be  resolved  by  meeting  the 
four  idealistic  conditions,  but  that  the  total  sat¬ 
isfaction  of  these  optimum  features  would  in¬ 
crease  the  testing  reliability  to  a  large  degree. 
The  four  conditions  are  as  follows: 

1.  performing  sine  and  random  equaliza¬ 
tion  at  test  levels  without  fatigue  to  the  test 
item, 

2.  instant  equalization, 


3.  performing  sine  and  random  equaliza¬ 
tion  independently,  and 

4.  constant  monitoring  and  visual  indica¬ 
tions  of  test  specimen  response  to  the  vibration 
stimulus. 

In  the  following  paragraphs  each  of  the  four 
conditions  will  be  discussed  in  detail  as  to  the 
problems,  advantages,  disadvantages,  and  the 
necessity  and  justification  to  impose  each  re¬ 
quirement  during  a  combined  sine  and  random 
test.  No  detail  effort  is  attempted  to  explain 
the  various  equalization  procedures,  the  need 
for  equalization,  or  shaker  response  character¬ 
istics.  It  is  assumed  that  these  subjects  are 
familiar  to  the  reader  and  therefore,  only  those 
equalization  problems  which  could  result  in 
wrong  or  misleading  assumptions  from  the  test 
data  or  applicable  to  combining  sine  and  random 
vibration  into  one  environment,  are  emphasized. 


SINE  AND  RANDOM  EQUALIZATION 
PERFORMED  AT  TEST 
MAGNITUDES 

Whenever  possible,  especially  when  the 
test  levels  are  relatively  high  compared  to  the 
usual  low  level  equalization  magnitudes,  equal¬ 
ization  should  be  performed  at  the  test  levels. 

Low  level  equalization  may  not  excite  the 
test  specimen  coupling  modes  which  would  pos¬ 
sibly  be  excited  by  the  higher  test  levels.  In 
addition,  low  level  equalization  does  not  take 
into  account  the  nonlinearities  of  the  system. 
Therefore,  a  specimen  response  curve,  equal¬ 
ized  flat  at  low  vibration  levels,  may  exhibit 
several  peaks  and  notches  when  large  vibration 
test  levels  are  generated.  Indeed,  it  may  be 
possible  due  to  the  test  specimen  nonlinearities, 
that  the  peaks  and  notches  which  exhibit  them¬ 
selves  at  low  test  levels,  will  shift  downward 
in  frequency  with  an  associated  reduction  in 
transmissibiiity  or  Q.  Under  these  specific 
conditions,  the  peaks  and  notches  which  have 
been  eliminated  by  low  level  equalization,  may 
show  up  to  some  extent  at  higher  test  levels. 
This  phenomenon  can  occur  when  the  resonant 
peaks  and  notches  associated  with  the  response 
curve,  shift  down  in  frequency  at  higher  test 
levels,  thereby  causing  the  inverse  peaks  and 
notches,  which  had  been  inserted  during  low 
level  equalization,  to  cease  to  be  the  exact  in¬ 
verse  of  the  response  curve. 

The  equalization  peaks  and  notches  which 
were  inserted  at  low  levels,  could  then  exhibit 
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themselves  in  addition  to,  or  in  combination 
with,  the  peaks  and  notches  associated  with  the 
higher  test  levels.  This  could  result  in  an  un¬ 
equalized  system  with  multiple  or  complex 
peaks  (or  both)  and  notches  in  the  response 
curve,  in  a  system  assumed  to  be  equalized. 

While  a  considerable  downward  shift  in 
resonant  frequency  due  to  specimen  nonlineari¬ 
ties,  requires  an  extreme  increase  in  damping 
at  the  higher  vibration  levels, 

(n  =  •§  ]/£  [l  -  <c/cc)2]  , 

a  proportionally  larger  reduction  in  Q  value 
may  be  anticipated  at  the  higher  test  levels 
where 


2  (c/cc) 

when  c/cc  is  less  than  0.1.  This  indicates  for 
example,  that  a  spectrum  response  curve  (g/e 
versus  f)  possessing  a  notch  having  a  Q  of  20 
which  is  evident  at  low  acceleration  levels  and 
which  has  been  eliminated  during  low  level 
equalization  by  the  insertion  of  a  peak  filter 
with  a  Q  of  20,  could  evidence  itself  as  a  peak 
with  a  Q  of  5  at  the  higher  test  levels.  This 
would  be  the  result  of  a  Q  reduction  from  the 
low  level  Q  value  of  20  to  a  Q  of  15,  as  influ¬ 
enced  by  the  increase  in  specimen  damping  at 
higher  test  levels. 

It  should  also  be  emphasized  that  even  a 
high  level  sine  sweep  equalization  using  peak- 
notch  filters,  is  not  entirely  reliable  for  ran¬ 
dom  equalization.  This  can  be  attributed  to  the 
fact  that  a  specimen  response  to  a  flat  random 
forcing  function  is  different  from  specimen  re¬ 
sponses  elicited  by  swept  sinusoidal  excitation. 
This  is  due  to  the  "multiple  resonance"  phe¬ 
nomena  exhibited  by  randomly  excited  physical 
configurations.  This  fact  has  been  borne  out  in 
actual  laboratory  equalization  tests  performed 
on  multiple-degree-of-freedom  systems,  with 
the  equalization  having  been  performed  at  vari¬ 
ous  input  levels. 


INSTANT  EQUALIZATION 

The  time  spent  in  equalizing  the  test  speci¬ 
men  should  be  such  that  the  equalization  proce¬ 
dure  does  not  contribute  to  specimen  fatigue  or 
failure.  This  is  the  basic  reason  for  the  low 
level  equalization  procedure  presently  used  in 
industry. 


Obviously,  the  time  spent  in  equalizing  . 
should  be  inversely  proportional  to  the  equali¬ 
zation  levels;  i.e.,  the  higher  the  equalization 
levels,  the  faster  the  equalization  must  be  ac¬ 
complished. 

Another  fact  to  consider  is  the  optimization 
of  facility  time,  manpower,  schedule,  and  ex¬ 
pense.  Long  and  tedious  equalization  proce¬ 
dures  may  not  be  justified  if  the  system  re¬ 
sponse  can  be  predicted  and  can  be  taken  into 
account  in  the  final  analysis  of  results. 

In  view  of  these  facts,  a  system  with  instant 
equalization  is  the  optimum  and  a  fully  auto¬ 
matic  equalization  system  is  called  for. 


INDEPENDENT  SINE  AND 
RANDOM  EQUALIZATION 

This  is  probably  the  area  where  the  greatest 
precaution  should  be  taken  if  the  test  results 
are  to  be  correctly  interpreted. 

During  automatic  or  semi-automatic  equal¬ 
ization,  the  sine  or  random  servos  (or  both) 
should  be  completely  independent  of  one  an¬ 
other;  i.e.,  the  sine  servo  should  not  be  influ¬ 
enced  by  random  signal  levels  and  obviously 
the  random  servo  should  not  respond  to  the 
sinusoidal  sweep  levels. 

In  most  cases,  whenever  a  combined  sine- 
random  environment  is  applied,  a  tracking  filter 
of  comparatively  small  bandwidth  is  required 
to  track  the  sweeping  sine  signal  which  com¬ 
mands  the  sine  servo.  For  optimum  perform¬ 
ance,  the  tracking  filter  should  be  1  cps  in 
bandwidth  and  should  possess  rectangular  re¬ 
sponse  (cc  slope)  characteristics.  In  addition, 
the  filter  should  not  affect  the  servo  response 
time. 

Whenever  the  tracking  filter  is  wider  than 
1  cps,  it  will  be  influenced  to  various  extents 
(depending  on  the  filter  bandwidth)  by  signals 
other  than  the  sine  sweep  frequency.  During  a 
combined  sine  sweep  and  random  vibration  test, 
deviations  or  changes  in  the  random  levels 
which  occur  due  to  specimen  mechanical  im¬ 
pedance  changes  (fatigue  or  failure),  may  take 
place  in  frequency  bands  which  do  not  at  a  par¬ 
ticular  instant,  comprise  the  sine  sweep  fre¬ 
quency.  If  these  impedance  changes  in  the 
random  signal  influence  the  sine  servo,  a  large 
increase  in  the  sine  level  as  commanded  by  the 
sine  servo  could  result.  This  occurrence  could 
cause  a  catastrophic  failure  due  to  the  "out  of 
specification"  sine  input  magnitude. 
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•  The  occurrence  of  this  phenomenon  is 
more  probable  when  semiautomatic  equalization 
is  used;  i.e.,  the  sine  servo  is  utilized  for  con¬ 
trol  of  the  sine  sweep,  but  random  equalization 
is  performed  manually  by  adjustment  of  several 
narrow  band  filters.  Under  semiautomatic 
conditions,  the  sine  servo  attempts  to  adjust  all 
changes  in  level  within  the  tracking  filter  band. 
In  instances  where  no  tracking  filter  is  used, 
the  sine  servo  receives  its  commands  based  on 
the  rms  sum  of  the  wide  band  random  level 
and  the  instantaneous  sine  sweep  level. 

The  adverse  effects  and  consequences  of 
not  using  a  tracking  filter  during  combined 
sinusoidal  and  random  tests,  can  be  appreci¬ 
ated  by  the  following  example:  let 

PSD  (power  spectral  density  =  0.05  g2/cps, 
of  random  signal) 

sine  level  =  1  g  rms  (sine  sweep)  , 

BW  (bandwidth  of  random  and  sine)  =  2000  cps, 
Random  rms  level  =  ^(0.05)  (2000)  =  10- g  rms, 
and 


Random  rms  +  sine  rms  =  7(10 )2  +  (l)2 
=  10.05-g  rms  . 

If  mechanical  impedance  change  causes  rms 
random  level  to  drop  to  9.5-g  rms,  new  random- 
sine  total  equals 

7(9. 5)2  +  (l)2  =  9.52-g  rms. 

Sine  servo  senses  change  from  10.05  to  9.52  g 
and  adjusts  overall  level  back  to  10.05  g  rms 
by  raising  the  sine  level  to: 

10.05  =  7(9.5)2  +  x2 
x2  =  3.3-g  rms. 

The  sine  level  increased  to  3.31-g  rms  or  331- 
percent  overload. 

Obviously,  if  the  sine  sweep  is  at  a  reso¬ 
nant  frequency  of  a  system  component,  the  item 
may  fail  when  subjected  to  the  331-percent 
overload. 

The  use  of  a  narrow-band  tracking  filter 
will  alleviate  the  adverse  effect  of  the  sine 
feedback  system  but  the  total  adverse  effect 
cannot  be  totally  discounted  even  with  a  rela¬ 
tively  narrow  (20- cps)  tracking  filter. 


Example:  let 

PSD  =  0.15  g2/cps  . 

BW  of  tracking  filter  =  20  cps  , 
sine  level  =  0.5-g  rms, 

Random  rms  level  in  filter  band  =  \J(0.  15)(20) 

=  1.73-g, 

and 

Random  rms  level  plus  =  7(1. 73)2  +  (0.5)2  =  1.8g. 
sine  rms  level 


If  random  g  level  dropped  to  1.5-g  rms  in  the 
20-cps  filter  bandwidth  due  to  a  change  in  the 
system  mechanical  impedance,  the  sine  level 
would  increase  to  1-g  rms  or  a  200-percent 
overload. 

It  can  be  deduced  from  the  previous  exam¬ 
ples,  that  the  feedback  effect  is  a  function  of 
several  parameters  such  as  tracking  filter 
bandwidth,  ratio  of  random  to  sine  level,  mag¬ 
nitude  of  changes  in  mechanical  impedance, 
change  in  random  level,  and  the  sine  sweep  fre¬ 
quency  at  the  instance  of  mechanical  impedance 
change.  Each  factor  must  be  carefully  consid¬ 
ered  in  the  final  analysis  of  results. 

When  both,  a  sine  servo  and  random  servo 
(automatic  equalization)  are  used  without  a 
tracking  filter,  for  example,  both  the  random 
and  sine  servos  attempt  to  correct  simultane¬ 
ously  for  any  changes  in  the  overall  response 
level.  Level  adjustment  is  then  performed 
simultaneously  or  by  the  servo  with  the  maxi¬ 
mum  response  capability. 

If  conditions  during  a  test  were  such  that 
the  signal  magnitude  in  a  high-level  random 
band  were  to  drop  suddenly  due  to  changes  in 
the  specimen  mechanical  impedance  within  the 
aforementioned  band  as  shown  in  the  previous 
example,  and  if  this  level  change  was  detected 
and  corrected  for  by  the  sine  servo  (crosstalk 
of  tracking  filter),  catastrophic  failure  of  the 
specimen  could  result.  At  the  instant  of  me¬ 
chanical  change,  the  sine  sweep  frequency  could 
possibly  be  outside  the  band  of  impedance 
change,  but  the  sine  servo  would  nevertheless 
issue  the  command  to  increase  the  sinusoidal 
level  to  make  up  for  the  drop  in  random  level. 
The  sinusoidal  level  could  then  be  increased 
above  the  test  specification  and  cause  the  speci¬ 
men  to  fail.  (See  Fig.  1  for  a  further  explanation 
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MECHANICAL  SYSTEM 


ELECTRICAL  MOBILITY  ANALOG 


WITHOUT  FEEDBACK 


1.  Vel  decreases  as  Z1  and  Z2 
resonate 

2.  gl  and  g2  increase  to  Q  levels 

3.  g  decreases 


WITH  FEEDBACK 


RESULT: 

Specimen  #1  may  fail  due  to 
ove  rtest 

Specimen  #2  may  not  fail  due  to 
undertest 


1.  Servo  commands  Sine  Oscillator  to 
increase  Vel  until  g  increases  to 
V(g  Sine)^  +  (g  random) ^ 

|  2.  As  Vel  increases,  gl  and  g2 
increases 

3,  Vel  increase  is  due  to  Sine  increase 
only,  gl  increase  out  of  proportion 
to  g2 

I  4.  This  makes  gl  too  high,  g2  too  low 


Fig.  1  -  Explanation  of  phenomena  by  means  of  electrical  mobility  analog 


of  phenomena  by  means  of  electrical  mobility 
analog.)  The  reverse  (below  specification  test¬ 
ing)  can  also  be  the  case  due  to  specimen  non- 
linearities  at  resonance.  The  higher  order 
harmonics  are  excited  and  the  servo  applies 
correction  for  the  rms  sum  of  the  fundamental 
frequency  and  the  generated  harmonics  when 
actually  the  corrections  should  be  applied  to¬ 
tally  at  the  fundamental.  Therefore,  the  funda¬ 
mental  frequency  is  not  servo  controlled  and 
maintained  at  the  higher  required  levels. 


CONSTANT  MONITORING  AND 
VISUAL  INDICATION  OF 
SPECIMEN  RESPONSE 

When  random  vibration  is  applied  to  a 
multiple-degree-of-freedom-system,  using  a 
fully  automatic  or  semi-automatic  equalization 
system  as  previously  described,  it  is  desirable 
that  a  constant  visual  indication  of  system 


response  be  made  available  during  a  test.  If  a 
vibration  test  is  performed  using  automatic  or 
semi-automatic  equalization  and  no  provisions 
for  monitoring  the  system  response  are  pro¬ 
vided,  catastrophic  or  unnecessary  failure  (or 
both)  of  the  test  specimen  or  portion  thereof, 
may  result. 

This  occurrence  can  be  attributed  to  the 
fact  that  a  sudden  impedance  change  usually  in¬ 
dicates  a  drastic  change  in  specimen  parame¬ 
ters  and  most  probably  a  failure.  In  most 
cases,  especially  during  development  type  tests, 
the  test  should  be  stopped  immediately  and  the 
failure  investigated. 

If  corrections  in  input  levels  are  automati¬ 
cally  administered  by  the  servo  (positive  feed¬ 
back  loop)  and  if  these  corrections  are  influ¬ 
enced  by  the  "failed"  portion  of  the  specimen, 
other  cumulative  failures  could  result  which 
may  have  been  prevented  by  system  shutdown 
after  the  first  failure. 


DISCUSSION 


Dr.  Mains  (GE):  I  feel  compelled  to  raise 
the  voice  of  the  loyal  opposition.  It  saddens  me 
on  two  accounts  to  hear  what  I  have  just  heard. 
Our  speaker,  I  think,  has  striven  hard  and  done 


a  good  job,  but  is  trying  to  solve  the  wrong 
problem.  Dr.  Vigness  presented  a  paper  yes¬ 
terday  which  showed  a  figure  which  demon¬ 
strated  what  happens  if  you  force  the  full  input 
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motion  at  an  anti- resonance  point.  There  is  an 
inconsistency  between  that  figure  and  what  you 
are  trying  to  do  here  which  must  be  resolved, 
and  I  don’t  think  it  is  resolved  by  instant  equal¬ 
ization.  The  other  thirg  that  saddens  me  is  this 
mixing  of  donkeys  and  dogs  —  sinusoidal  and 
random  excitation.  It  comes  about  only  because 
somewhere  somebody  once  thought  a  random 
spectrum  had  to  be  flat.  Why  ?  I  never  saw  one 
that  was  flat.  Why  do  you  have  to  impose  a 
sinusoidal  excitation  on  top  of  a  random  spec¬ 
trum? 

Mr.  Pelletier:  This  work  was  undertaken 
because  of  firm  test  requirements  which  are 
imposed  on  us. 

Dr.  Mains;  I  repeat  that  you  are  to  be 
commended  for  doing  a  good  job  —  unfortunately 
of  the  wrong  thing  because  you  have  been  re¬ 
quired  to  do  the  wrong  thing.  Let  me  plead  with 
you,  instead  of  working  so  hard  to  comply  with 
an  incorrect  specification,  to  kick  back  a  little 
bit  and  try  to  have  the  specification  changed. 

Mr.  Pelletier:  We  have  brought  this  up  and 
have  found  it  almost  impossible  to  change  them. 


*  * 


For  example,  what  I  am  referring  to  here  is  a 
NASA  specification  applied  to  Grumman  on  a 
lunar  excursion  module  and  passed  down  through 
RCA  which  we,  in  turn,  will  pass  on  to  our  sub¬ 
contractors.  We  have  found  it  extremely  diffi¬ 
cult  to  negotiate  with  Grumman  on  the  changing 
of  a  specification,  and  I  don't  see  how  I  can  go 
to  NASA  on  these  things.  These  specifications 
are  being  imposed  by  NASA  through  Grumman, 
and  Grumman  is  firm  about  them.  They  impose 
these  requirements  on  all  their  suppliers  and 
they  are  very  adamant  about  it.  There  are 
probably  good  arguments  on  the  affirmative 
side  because  I’m  sure  that  the  NASA  and 
Grumman  people  know  what  they  are  doing. 

Mr.  Cohen  (NOL):  You  seemed  to  be  con¬ 
cerned  during  the  equalization  process  at  some 
level  lower  than  the  actual  test  level  about  get¬ 
ting  fatigue  failures.  Have  you  actually  encoun¬ 
tered  this  in  your  laboratory? 

Mr.  Pelletier;  I  haven't,  but  Grumman 
assures  us  that  they  have.  In  my  experience  I 
have  performed  many  tests  in  which  I  lacked 
confidence  in  the  results.  In  some  cases  failure 
may  have  occurred  prior  to  the  actual  test  and 
gone  unnoticed. 


* 
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FLEXURE  STABILIZATION  OF  A 
REACTION  VIBRATION  MACHINE 


R.  II.  Chalmers,  Jr. 

U.  S.  Navy  Electronics  Laboratory 
San  Diego,  California 


This  paper  describes  a  method  of  restraining  reaction  vibration  ma¬ 
chines  to  planar  simple  harmonic  motion  even  though  test  loads  repre¬ 
sent  an  appreciable  percentage  of  the  moving  weight  and  exhibit  severe 
resonances  or  isolation. 


The  Navy  Electronics  Laboratory  has  been 
engaged  in  shock  and  vibration  testing  of  Navy 
electronics  equipment  for  many  years.  We 
have  often  had  occasion  to  perform  vibration 
tests  on  large  low  density  structures  such  as 
shipboard  radar  antennas.  One  antenna,  a  14  by 
16-foot  flat  array  weighing  4800  pounds,  con¬ 
verted  the  desired  20  milli-inch  horizontal  ex¬ 
cursion  into  a  massive  rocking  motion  that  re¬ 
sulted  in  a  325  milli-inch  vertical  excursion 
measured  4  feet  from  the  center  of  rotation. 

The  vibration  machine  being  used  was  a  10,000- 
pound  capacity  reaction  machine  which  is  sus¬ 
pended  to  behave  as  a  free  body  at  frequencies 
of  5  cps  and  higher.  Calculations  showed  that  a 
similar  rocking  motion  could  be  caused  by  a 
cyclic  vertical  force  couple  that  reached  peaks 
of  324,000  lb. -ft. 

Planar  simple  harmonic  motion  is  obtained 
on  a  reaction  vibration  machine  by  locating  the 
center  of  gravity  of  the  total  moving  mass  at  the 
point  of  force  generation.  This  is  accomplished, 
for  horizontal  motion,  by  adding  weight  above  or 
below  the  point  of  force  generation  until  the 
center  of  gravity  is  properly  located.  Unfortu¬ 
nately,  such  balancing  is  normally  based  on  the 
location  of  the  static  center  of  gravity  of  the 
test  load,  and  only  for  the  theoretical  perfectly 
rigid  structures  do  the  dynamic  and  static  cen¬ 
ters  of  gravity  coincide.  When  any  portion  of  a 
test  load  experiences  an  excursion  greater  or 
less  than  the  excursion  of  the  rest  of  the  mov¬ 
ing  mass,  that  portion  sees  a  different  g-level 
and  has  a  different  apparent  weight.  The  center 
of  gravity  must  move  to  accommodate  the 
change  in  apparent  weight.  At  each  discrete 
frequency  and  amplitude,  a  test  load  exhibits  a 
unique  response,  and  has  a  unique  location  for 


the  center  of  gravity.  Consequently,  depending 
on  amplitude  and  frequency,  there  can  be  an 
infinite  number  of  locations  for  the  center  of 
gravity.  Static  measurements  can  determine 
only  one  of  these  locations. 

Why  not  compute  the  locus  of  the  center  of 
gravity  and  balance  the  machine  for  frequencies 
of  interest?  If  sufficient  information  existed  to 
compute  the  locus,  there  would  be  no  need  to 
conduct  the  vibration  test.  Practical  considera¬ 
tions,  such  as  weight  limitations  of  the  suspen¬ 
sion  system,  physical  effort  and  time  required 
to  change  counterweights  make  balancing  for 
specific  frequencies  inadvisable. 

How  then  is  crosstalk,  the  undesired  mo¬ 
tion  of  the  table  caused  by  the  vertical  force 
couple,  to  be  controlled? 

It  can  be  minimized  by  causing  the  test  load 
to  be  only  a  very  small  percentage  of  the  total 
moving  mass.  While  this  approach  seems  sim¬ 
ple  and  promising,  it  is  inefficient  and  impracti¬ 
cal.  To  make  the  4800-pound  antenna  1  percent 
of  the  moving  mass,  the  vibration  machine  and 
counterweight  would  have  to  weigh  47 5, 000 pounds, 
and  the  vibration  generators  would  have  to  pro¬ 
duce  sufficient  force  to  drive  all  the  added  mass. 

The  method  investigated  at  NEL  for  con¬ 
trolling  the  crosstalk  is  flexure  stabilization  of 
the  vibration  machine.  Through  the  use  of 
flexure  beams,  the  machine  has  virtually  no 
vertical  compliance  while  the  horizontal  com¬ 
pliance  remains  essentially  unchanged. 

Four  flexure  beams  were  designed  that 
have  a  vertical  to  horizontal  stiffness  ratio  of 
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1000  to  1.  The  beams  were  attached  to  each  of  When  a  test  load  was  placed  on  the  vibra- 

the  four  corners  of  the  table  at  the  top  and  to  a  tion  table  and  the  machine  adjusted  for  10  milli- 

massive  concrete  slab  at  the  bottom.  The  flexure  inches  horizontal  excursion,  the  load  developed 
beams  bypass  the  machine's  normal  suspension  230  milli-inches  of  vertical  motion,  as  well  as 

system  and  allow  free  movement  in  only  one  di-  140  milli-inches  of  horizontal  motion.  When  the 

rection.  Any  vertical  forces  developed  on  the  machine  was  stabilized  by  the  flexures,  the  ver- 

table  are  transmitted  through  the  vertically  stiff  tical  motion  was  reduced  to  20  milli-inches  and 

flexure  beams  to  the  concrete  slab.  the  horizontal  motion  to  100  milli-inches.  Al¬ 

though  tests  have  not  been  completed,  it  appears 

The  flexure  beams  were  machined  from  that  when  the  vibration  machine  has  been  set  to 

8x8  inch  S.A.E.  4340  steel  (chrome-nickel-  provide  the  desired  10  milli-inch  drive,  vertical 

molybdenum).  The  semi -circular  grooves  near  magnitude  should  not  exceed  2  milli-inches, 

each  end  of  the  beams  are  of  4-inch  radius  and  which  approaches  an  acceptable  level  of  cross- 

are  centered  so  that  the  two  weakened  sections  talk.  Increasing  the  rigidity  of  the  attachment  of 

are  3/4-inch  thick  and  36  inches  apart.  In  op-  the  flexures  to  the  table  is  expected  to  bring 

eration  the  beams  undergo  double  cantilever  crosstalk  well  within  tolerable  limits, 

bending.  Generous  radii,  mirror  polishing  of 

the  necked  down  sections,  and  limiting  of  the  The  flexure  beams  are  peculiar  to  the 

bending  stress  to  less  than  1/4  of  the  yield  stabilization  of  this  type  machine.  Other  types 

strength  promote  long  life  for  the  flexure  of  machines  have  inherent  cross  axis  stiffness 

beams.  Holding  the  maximum  tensile  and  com-  that  may  or  may  not  be  sufficient  to  restrain 

pressive  stresses  to  less  than  3000  psi  limits  the  cross-talk,  but  the  need  for  polar  moment 

the  flexure  beam's  vertical  deflection.  of  inertia  is  universal.  Any  vibration  test  pad 

that  is  to  handle  loads  similar  in  response  to 

The  concrete  slab  weighs  approximately  the  ones  described  here  must  have  similar 

625,000  pounds.  It  is  shaped  to  cause  as  great  polar  moments  of  inertia  if  crosstalk  is  to  be 

an  amount  of  the  surrounding  earth  as  is  possi-  limited  to  acceptable  levels, 

ble  to  move  as  a  unit  with  the  slab.  Because  the 

slab  was  to  resist  rocking  or  torsional  motions,  After  testing  of  the  flexure  stabilization 

it  was  shaped  to  present  a  high  polar  moment  of  system  on  a  variety  of  test  loads,  it  is  intended 

inertia.  An  effective  mass  polar  moment  of  to  publish  a  formal  Laboratory  report  that  will 

inertia  for  the  earth-slab  system  was  calculated  cover  in  detail  the  theory,  design,  construction, 

to  be  7.5  million  lb-ft-sec2.  The  high  polar  and  testing  of  the  system.  Those  interested  in 

moment  of  inertia  and  stress  levels  of  less  than  making  inquiry  should  address: 

50  psi  in  the  concrete  hold  motions  at  the  point 

of  flexure  attachment  to  unnoticeable  levels.  Commanding  Officer  and  Director 

U.S.  Navy  Electronics  Laboratory 

Preliminary  tests  of  the  flexure -stabilization  San  Diego,  California  (92152) 

system  have  just  been  conducted  at  the  Laboratory.  (Attention:  R.  H.  Chalmers,  Code  3360) 


DISCUSSION 

Mr.  Gunkel  (Autonetics):  Would  you  make  Mr.  Chalmers:  The  effective  mass  polar 

any  comment  as  to  the  approximate  value  for  moment  of  inertia  for  the  earth  slab  system  was 

your  polar  moment  of  inertia?  calculated  at  7-1/2  million  lb-ft-sec2. 

*  *  * 
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AN  ALTERNATE  METHOD  OF 
EXCITER  SYSTEM  EQUALIZATION 


D.  Scholz 

McDonnel  Aircraft  Corporation 


A  remote  equalizer -analyzer  system  is  adjusted  to  the  inverse  of  the 
mechanical  characteristics  of  the  unequalized  test  setup  by  means  of  a 
prerecorded  tape  signal.  A  taped  input  containing  the  desired  Lest 
spectrum  is  then  played  through  the  system.  The  output  is  the  equal¬ 
ized  spectrum. 


INTRODUCTION 

Prior  to  the  acquisition  of  multi-channel 
equalizer -analyzers,  equalization  for  random 
vibration  testing  at  McDonnell  Aircraft  Corpo¬ 
ration  was  accomplished  with  peak-notch  and 
broad -band  filters.  The  ever  increasing  num¬ 
ber  of  random  vibration  tests  has  created  such 
a  demand  for  the  equalizer -analyzer  units  that 
an  analyzer  unit  isn’t  always  available  at  the 
test  site.  Therefore,  an  alternate  method  of 
equalization  was  attempted  to  replace  the  time 
consuming  method  of  using  peak-notch  and 
broad -band  filters. 

The  equalization  method  chosen  involves 
the  use  of  a  remote  site  equalizer -analyzer  to 
adjust  a  recorded  noise  signal  to  a  signal  whose 
frequency  spectrum  is  the  inverse  of  the  electro¬ 
mechanical  characteristics  of  the  unequalized 
shaker  system.  The  recorded  noise  signal  with 
the  inverse  spectrum  could  then  be  applied  to 
the  unequalized  shaker  system,  and  the  result¬ 
ing  acceleration  would  then  possess  the  desired 
test  spectrum  characteristics. 


PROCEDURES  AND  RESULTS 

The  system  used  for  this  test  was  an  ex¬ 
citer  system  and  a  horizontal  oil  table  com¬ 
bination,  with  a  20-pound  test  fixture  attached 
to  the  horizontal  table.  The  fixture  was  non- 
resonant  in  the  test  frequency  range— 20  to 
2000  cps.  This  system  was  chosen  because  it 
is  one  of  the  more  difficult  systems  to  equalize. 
A  constant  voltage  plot  of  the  response  of  this 
system  was  obtained  by  applying  a  constant 
voltage  from  an  oscillator  to  the  exciter  system, 


varying  the  oscillator  frequency  through  the  test 
frequency  range,  and  recording  the  output  volt¬ 
age  from  an  accelerometer  on  an  X-Y  recorder. 
The  accelerometer  was  located  at  the  proposed 
input  accelerometer  location  on  the  horizontal 
oil  table.  The  plot  obtained  is  presented  in 
Fig.  1.  The  setup  frequency  and  acceleration 
level  for  this  plot  were  100  cps  and  1  g  peak  re¬ 
spectively.  The  plot  shows  a  high  resonant  con¬ 
dition  at  about  1100  cps  and  a  large  attenuation 
of  acceleration  above  about  1300  cps.  Both  of 
these  conditions  are  difficult  to  cope  with  when 
the  peak-notch  and  broad-band  filters  are  used. 

The  first  step  taken  in  this  equalization 
method  was  to  play  an  input  magnetic  tape  re¬ 
cording  containing  the  desired  shaped  random 
spectrum  (shown  in  Fig.  2)  into  the  exciter  sys¬ 
tem  and  to  record  simultaneously  the  output 
voltage  of  the  input  accelerometer.  A  plot  of 
the  normalized  power  distribution  obtained  dur¬ 
ing  this  step  is  presented  in  Fig.  3.  The  over¬ 
all  acceleration  level  of  the  recorded  signal 
was  13  grm8.  The  power  distribution  of  this  re¬ 
corded  signal  differs  from  the  desired  test 
spectrum  because  of  the  electro -mechanical 
characteristics  of  the  unequalized  exciter  sys¬ 
tem. 

The  noise  signal  from  the  output  voltage 
recording  of  the  input  accelerometer  was  then 
played  into  a  remote-site  multi-channel 
equalizer -analyzer,  and  the  equalizing  filters 
were  adjusted  to  transform  this  unequalized 
power  spectrum  back  to  the  desired  power 
spectrum  shape. 

This  adjustment  of  the  multi-channel  filters 
in  essence  equalized  the  exciter  system  for  the 
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NORMALIZED  POWER  DISTRIBUTION 


Fig.  1  -  Constant  voltage  plot  (Setup 
frequency  and  level— 100  cps;  1  g) 
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FREQUENCY  (CYCLES  /  SECOND) 


Fig.  2  -  Desired  vibration  spectrum  (Overall 
acceleration  level— 12.6  grms) 


Fig.  3  -  Power  spectrum  obtained  through 
unequalized  shaker  system 
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frequency  band  and  levels  of  the  desired  shaped 
random  spectrum.  This  was  accomplished, 
however,  by  bringing  the  electro -mechanical 
characteristics  of  the  unequalized  exciter  sys¬ 
tem  to  the  multi-channel  equalizer -analyzer 
via  magnetic  tape. 

With  the  equalizer  filter  settings  unchanged, 
the  original  input  tape  was  played  into  the  equal¬ 
izer  and  the  output  signal  recorded  on  magnetic 
tape.  A  plot  of  the  normalized  power  distribu¬ 
tion  of  this  recorded  signal  is  presented  in  Fig.  4. 
This  power  distribution  differs  from  the  desired 
test  spectrum  by  the  inverse  of  the  electro¬ 
mechanical  characteristics  of  the  exciter  system. 

The  noise  signal  with  the  inverse  power 
spectrum  was  then  applied  to  the  exciter  system. 


A  sample  of  the  output  voltage  of  the  input  ac¬ 
celerometer  was  recorded  and  analyzed.  The 
overall  acceleration  level  of  the  recorded  sig¬ 
nal  was  again  13  grms.  A  plot  of  the  power  dis¬ 
tribution  of  this  recorded  signal  is  presented 
in  Fig.  5.  This  power  spectrum  agrees  quite 
well  with  the  desired  test  spectrum.  Fluctua¬ 
tions  of  the  power  level  of  adjacent  filters  as 
shown  on  this  plot  are  well  within  allowable  tol¬ 
erances  (+40-30  percent  of  Power  Spectral  Den¬ 
sity)  and  may  be  attributed  to  human  error  in 
reading  the  fluctuating  power  level  of  each  filter 
on  the  analyzer. 

SYSTEM  VARIATIONS 

The  slight  ripple  in  power  distribution  be¬ 
tween  900  and  1150  cps,  as  shown  in  Fig.  5,  is 


Fig.  4  -  Inverse  power  spectrum 


Fig.  5  -  Spectral  density  analysis  of  input  accelerometer 
(Overall  acceleration  level— 13  grmt) 


due  to  the  shift  in  resonant  frequency  encoun¬ 
tered  when  the  acceleration  level  in  the  reso¬ 
nant  frequency  range  changes.  The  actual  ac¬ 
celeration  level  applied  to  the  horizontal  oil 
table  in  this  frequency  band  for  the  first  and 
last  steps  of  this  method  was  not  determined, 
but  it  can  be  assumed  that  the  level  was  differ¬ 
ent  for  each  of  these  steps. 

Although  a  non-resonant  fixture  was  used 
for  this  test,  a  resonant  fixture  could  have  been 
used  provided  the  mass  of  the  test  specimen 
was  simulated  and  was  a  small  percent  of  the 


total  moving  mass  so  the  effect  of  specimen 
resonance  was  minimized.  The  response  of  the 
exciter  system  would  become  more  complex, 
but  no  additional  steps  would  be  required  to 
produce  the  desired  spectrum. 

For  this  test,  two  magnetic  tape  recorders 
were  required  because  the  original  input  signal 
was  recorded.  In  the  event  that  only  one  tape 
recorder  would  be  available,  the  original  input  sig¬ 
nal  could  be  providedby  a  noise  generator.  Any 
noise  source  could  be  used  provided  the  signal  was 
stationary  and  had  normal  Gaussian  distribution. 


DISCUSSION 


Mr.  Spada  (Raytheon):  Do  you  find  when 
you  change  your  setup  that  this  changes  your 
response,  especially  in  the  horizontal  axis? 

Mr.  Scholz:  This  was  a  study  to  see 
whether  or  not  it  was  feasible  to  use  the  tech¬ 
nique  for  a  particular  test.  We  made  no  changes 
in  setup  because  this  was  done  in  about  half  a 
day.  I  would  expect  that  the  response  would 
change  if  the  setup  changed.  It  would  be  nec¬ 
essary  to  get  in  each  particular  setup  all  of  the 
peculiarities  of  each  particular  resonance,  and 
it  would  be  necessary  to  insure  that  your  accel¬ 
erometer  location  was  at  the  exact  same  point. 
Of  course  all  of  this  becomes  very  complicated 
if  you  use  a  resonant  test  fixture,  or  if  the  mass 

* 


of  your  specimen  is  large  with  respect  to  the 
total  moving  mass  of  the  exciter  system  and  oil 
table  combination. 

Mr.  Spada:  At  Raytheon  we  have  tried  this 
method  and  found  that  even  changing  the  stiff¬ 
ness  of  the  bolts  or  tightening  the  bolts  changed 
the  spectrum  considerably. 

Mr.  Scholz:  We  have  found  that  the  data 
can  be  taken  and  analyzed  so  quickly  that  we 
would  not  have  to  change  anything.  In  other, 
words,  we  would  tie  the  bolts  down,  make  our 
setup,  run  our  response,  go  out  to  our  analyzer, 
adjust  it  all,  come  back,  and  we  have  the  same 
setup.  So  we  get  around  the  problem  that  way. 

* 
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CORRELATION  OF  DAMAGE  POTENTIAL  OF  DWELL 
AND  CYCLING  SINUSOIDAL  VIBRATION 


E.  Soboleski  and  J.  N.  Tait 
U.S.  Naval  Air  Development  Center 
Johnsville,  Pennsylvania 


This  paper  presents  the  results  of  a  study  conducted  to  determine 
whether  present  specifications  which  require  sinusoidal  resonance 
dwell  testing  could  be  replaced  by  increased-time  sweep  cycling. 
Fatigue  failure  is  used  as  an  equivalent  damage  criterion.  Methods  are 
presented  by  which  test  procedure  parameters  may  be  determined. 


INTRODUCTION 

WEPTASK  No.  RAV03J001/2021/R008- 
01-01,  Problem  No.  11  requested  the  U.S.  Naval 
Air  Development  Center  (NAVAIRDEVCEN)  to 
study  the  problem  of  vibration  testing  of  avionic 
equipment. 

Tests  were  made  on  simple  cantilever 
beam  specimens  to  determine  the  correlation 
produced  by  sinusoidal  dwell  and  sweep  fre¬ 
quency  vibrations.  The  specimens  were  made 
of  square,  bus  bar,  cold-drawn  copper  wire. 


SUMMARY  OF  TEST  RESULTS 

The  method  of  testing  —  subjecting  a  single 
cantilever  beam  specimen  to  a  sinusoidal  dwell 
and  logarithmic  sweep  vibrations  —  prov'ed  sat¬ 
isfactory.  By  use  of  the  failure  data,  a  curve 
was  developed  by  plotting  the  various  values  of 
stress  against  their  corresponding  values  of 
the  number  of  stress  reversals.  With  this 
curve  it  was  possible  to  predict  specimen  fail¬ 
ures  under  any  prescribed  dwell  or  logarithmic 
cycling  conditions.  Although  the  fatigue  curve 
was  limited  to  the  test  specimen,  it  produced 
the  possibility  of  predicting  failures  of  many 
materials. 


CONCLUSIONS 

The  fatigue  damage  summation  data  yielded 
results  which  showed  that  a  correlation  exists 
between  dwell  and  logarithmic  cycling.  The 
vibration  testing  of  avionics  equipment  can 


therefore  be  improved.  The  correlation  made 
possible  a  sweep  test  that  will  permit  equiva¬ 
lent  fatigue  to  all  parts  of  equipment  over  the 
entire  frequency  test  band. 


CHOICE  OF  SPECIMENS 

Since  the  military  specifications  being 
considered  are  concerned  with  the  testing  of 
avionics  equipment,  the  specimens  chosen  for 
this  research  program  had  to  be  representative 
of  materials  used  in  avionics  equipment.  After 
a  careful  search  of  the  many  component  parts 
which  are  used  in  the  construction  of  avionics 
equipment,  bus  bar  wire  was  chosen  as  the 
most  suitable.  The  wire  was  used  as  a  simple 
cantilever  beam,  and  it  produced  results  that 
were  easily  evaluated.  The  thickness  dimension 
tolerances  were  found  to  be  within  ±  0.001  inch. 
The  bus  bar  wire  had  fewer  nicks,  scratches, 
bends,  or  other  defects  than  most  other  elec¬ 
tronic  components.  Changes  to  obtain  a  partic¬ 
ular  shape  or  size  by  machining  or  other  proc¬ 
esses  which  would  alter  the  original  physical 
characteristics  of  the  metal  were  not  necessary. 
The  square  type  was  chosen  because  prelimi¬ 
nary  tests  revealed  that  nearly  all  of  the  round 
type  exhibited  various  patterns  of  elliptical  mo¬ 
tions  when  sweeping  through  the  vibration  fre¬ 
quency  band.  This  phenomenon  produced1  re¬ 
sults  which  were  extremely  difficult  to  evaluate. 


PURPOSE 

The  present  test  procedure  of  MIL-T- 
5422E  requires  vibration  test  times  to  be 
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divided  between  the  most  severe  detected  reso¬ 
nances  and  cycling.  Since  the  procedure  pro¬ 
vides  for  dwell  vibration  at  only  four  of  the 
most  severe  resonances  in  each  axis,  it  is  quite 
likely  that  not  only  are  many  resonances  unde¬ 
tected  and  ignored,  but  also  that  the  most  se¬ 
vere  ones  are  not  selected  for  vibration.  The 
remaining  cycling  vibration  time  may  be  inade¬ 
quate  for  conducting  reasonable  tests  and  per¬ 
mitting  failures  to  occur  to  the  ignored  and 
undetected  resonances  or  other  weaknesses  of 
the  equipment.  Due  to  these  many  difficulties, 
tests  cannot  be  performed  adequately  to  pro¬ 
duce  failures  which  may  represent  the  weakest 
link  in  the  design  of  the  equipment  and  be  the 
cause  of  numerous  failures  which  affect  the 
reliability  of  the  equipment. 

This  paper  presents  the  results  of  an  in¬ 
vestigation  to  determine  whether  a  practical 
sweep  test,  covering  the  entire  frequency  test 
band,  could  be  devised  which  would  produce 
failures  equivalent  to  those  of  fixed  frequency 
dwell. 


CRITERIA  FOR  FAILURE 

Several  criteria  for  failure  were  consid¬ 
ered,  such  as  frequency  shift,  decrease  in 
specimen  output,  and  total  separation  (specimen 
broken  in  two  parts).  Total  separation  was 
selected  as  the  criteria  of  failure.  The  selec¬ 
tion  was  influenced  by  experience  gained  in  the 
laboratory  testing  of  the  many  complex  elec¬ 
tronic  equipments.  Test  results  indicated  that 
most  failures  of  the  equipment's  internal  parts 
and  components  occurred  because  of  total 
separation. 

Although  little  difficulty  was  encountered 
in  detecting  the  parameters  when  subjecting  the 
cantilever  beam  specimens  to  dwell  vibrations, 
this  did  not  hold  true  for  sweep  cycling.  Even 
by  a  close  surveillance,  the  changes  in  end  of 
beam  displacement  and  the  downward  frequency 
shift  of  the  beam  were  difficult  to  detect  because 
of  the  constant  change  of  input  frequency  and 
output  as  the  specimen  was  vibrating  through 
the  resonant  frequency  band.  Since  an  accurate 
failure  time  could  not  be  obtained  at  the  sweep 
frequency,  a  correlation  with  dwell  could  not  be 
achieved  by  direct  measurement. 

The  selection  of  total  separation  was  fur¬ 
ther  reinforced  by  preliminary  vibration  tests. 

A  group  of  cantilever  beam  specimens  were 
vibrated  at  resonance  with  a  number  of  different 
vibration  inputs.  With  the  larger  inputs,  the 
frequency  shift  and  the  reduced  output  occurred 


so  rapidly  that  they  masked  out  or  coincided 
with  total  separation. 


FIXTURE,  BRASS  WEIGHTS,  AND 
BLUR  GAGES 

A  fixture  was  fabricated  of  heat-treated 
steel.  Machined  grooves  held  the  specimen 
under  test.  Uniform  specimen  clamping  was 
insured  by  the  use  of  a  torque  wrench.  Cylin¬ 
drical  brass  weights  were  secured  to  the  speci¬ 
mens  by  set  screws.  Precision  blur  gages  were 
mounted  to  the  faces  of  the  weights  for  reading 
vibratory  displacements.  These  items  are 
shown  in  Fig.  1. 


disassembled  fixture  " 


Fig.  1  -  Fixture  assembly 
and  blur  gages 


TEST  PROCEDURE  (CYCLING 
THROUGH  RESONANT  BAND) 

The  test  equipment  was  arranged  as  shown 
in  Fig.  2.  A  new  unstressed  2-inch  length  of 
specimen  was  secured  in  the  fixture. 

The  oscillator  sweep  rate  was  selected  and 
the  microswitches  were  set  to  the  upper  and 
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I - BLUR  GAUGE 


Fig.  2  -  Test  equipment  arrangement 


lower  limits  of  the  frequency  band  to  be  swept. 
The  bandwidth  for  the  input  amplitude  and  the 
sweep  rate  of  the  oscillator  that  insures  peak 
resonant  amplitude  were  both  determined  by 
preliminary  laboratory  tests. 

For  initial  table  inputs  which  are  lower 
than  the  endurance  stress  amplitude  of  the  ma¬ 
terial,  only  that  portion  of  the  bandwidth  which 
would  fatigue  the  specimen  was  timed.  The 
microswitch  stops  were  set  so  that  the  fre¬ 
quency  limits  would  permit  vibration  of  the 
specimens  at  an  amplitude  slightly  lower  than 
the  calculated  endurance  limit. 

The  power  amplifier  gain  was  increased  to 
the  vibration  input  level  and  the  oscillator  was 
engaged  together  with  a  stop  watch  to  measure 
the  failure  time.  Another  stop  watch  was  used 
to  time  the  upward  and  downward  portions  of 
the  swept  band.  For  vibration  table  amplitudes 
equal  to  or  above  the  stress  endurance  limit  of 
the  specimen,  the  total  bandwidth  between  the 
upper  frequency  limit  and  lower  frequency  limit 
was  timed  because  the  vibrating  specimen  was 


accumulating  fatigue  at  all  times.  Both  proce¬ 
dures  were  repeated  a  number  of  times  to  ob¬ 
tain  an  average  for  one  sweep. 

While  the  specimen  was  being  vibrated 
through  the  sweep  frequency  band,  the  mou°  of 
vibration  of  the  cantilever  beam  was  observed 
by  means  of  a  strobe  light  and  slip  sync.  The 
output  was  read  on  the  blur  gage.  The  gage  was 
also  used  to  indicate  whether  the  sample  was 
vibrating  in  a  pure  vertical  plane.  The  total 
output  could  be  read  at  any  part  of  the  sweep 
frequency  band.  The  resonant  frequency  was 
determined  by  observing  the  blur  gage  for 
maximum  excursion. 

The  velocity  pickup  which  generated  the 
voltage  used  to  determine  table  input  was  also 
connected  to  an  oscilloscope  to  observe  wave¬ 
form.  This  was  necessary  to  assure  that  the 
table  was  vibrating  sinusoidally  at  all  times. 

While  observing  the  output  on  the  blur  gage, 
a  decrease  in  amplitude  could  be  detected,  and 
failure  could  be  expected  to  occur  in  a  short 
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time.  This  observance  yielded  the  time  of 
failure  on  a  stop  watch  and  aided  in  detecting 
accurately  the  portion  of  the  band  in  which  fail¬ 
ure  occurred.  The  data  were  recorded  and  the 
procedure  was  repeated  for  another  test  on  a 
new  specimen. 

TEST  PROCEDURE  (FIXED 
FREQUENCY  DWELL) 

The  same  test  setup  as  shown  in  Fig.  2  was 
used.  The  instruments  used  in  all  tests  were 
calibrated  in  accordance  with  manufacturer's 
instructions.  The  fixture  for  the  bus  bar  wire 
specimens  under  dwell  testing  was  the  same  as 
for  "cycling  through  the  resonant  band."  The 
necessary  vibration  table  inputs  were  deter¬ 
mined  for  the  tests.  The  average  resonant  fre¬ 
quency  for  each  input  was  determined  by  pre¬ 
liminary  laboratory  tests,  and  was  held  constant 
during  the  dwell. 

The  oscillator  for  controlling  the  vibration 
table  frequency  was  set  to  the  average  resonant 
frequency  cf  the  input  selected  for  the  test.  The 
vibration  table  amplifier  level  was  increased 
rapidly  to  give  the  desired  input  level.  As  soon 
as  the  input  was  reached  a  stop  watch  was  en¬ 
gaged  to  measure  the  accumulated  time  to  fail¬ 
ure.  The  oscillator  frequency  was  fine  tuned 
while  observing  the  blur  gage  for  maximum 
output.  The  resonant  frequency  was  thus  de¬ 
termined.  The  specimen  output  and  the  fre¬ 
quency  at  which  resonance  occurred  were  re¬ 
corded.  The  mode  of  vibration  of  the  cantilever 
beam  was  observed  by  a  strobe  light  and  slip 
sync  and  recorded.  The  waveform  of  the  vi¬ 
brating  table  was  observed  on  an  oscilloscope 
to  insure  a  sinusoidal  motion.  When  failure 
occurred,  the  timing  watch  was  stopped  and  the 
accumulated  time  recorded.  The  oscillator 
frequency  was  calibrated  after  each  few  sam¬ 
ples  to  avoid  frequency  drift.  This  was  impor¬ 
tant  as  a  slight  shift  in  frequency  could  result 
in  yielding  an  erroneous  number  of  stress 
reversals.  A  new  selected  beam  sample  was 
fixed  to  the  vibration  table  and  the  test  repeated. 


LIST  OF  SYMBOLS 

A  Area  under  y jA.M.  versus  N  curve, 
above  (yjA.M.)^  measured  be¬ 
tween  N0  and  Nf  (in.2) 

A'  64. 5 A  (in. -cycles) 


A.M.  Absolute  magnification,  instanta¬ 
neous  value,  dimensionless 


J(l  -  r2) 2  +  4b2r2 

A.M.  max  Absolute  magnification,  maximum 
value,  dimensionless 

a  Distance  from  weight  center  of 
gravity  to  end  of  beam  (in.) 

b  Damping  coefficient,  dimension¬ 
less 

C1  Constant  of  integration,  dimen¬ 
sionless 

c  Distance  from  neutral  axis  to 
beam  outer  fibers  (in.) 

d  Diameter  of  weight  (in.) 

dy/dx  Slope  of  elastic  curve,  dimension¬ 
less 

E  Modulus  of  elasticity  of  cold- 
drawn  copper  (psi) 

e  Base  of  natural  or  Naperian  loga¬ 
rithms,  dimensionless 

f  Applied  frequency  (cps) 

fj  Lower  sweep  frequency  limits 
(cps) 

f2  Upper  sweep  frequency  limit  (cps) 

fD  Frequency  at  which  maximum  y2 
occurs  (cps) 

fn  Natural  or  resonant  frequency 
(cps) 

g  Length  of  weight  (in.) 

h  Distance  from  weight  center  of 
gravity  to  beam  root  (in.) 

I  Moment  of  inertia  of  beam  (in.4) 

K  Sweep  rate  constant,  dimension¬ 
less 

K'  Time-rate-of-failure  coefficient, 
dimensionless 
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I  Overall  beam  length  (in.) 

Mst  Static  beam  moment  (in. -lb) 

m  Number  of  logarithmic  sweeps, 
dimensionless 

N  Number  of  stress  reversals  ac¬ 
cumulated 

Nf  Stress  reversals  at  upper  fre¬ 
quency  when  cr  =  o-e  (cps) 

Ne  Stress  reversals  at  lower  fre¬ 
quency  when  a  =  cre  (cps) 

Naf  Average  stress  reversals  at 
failure 

Nres  Stress  reversals  accumulated 
during  one  1-1/6  octave  sweep 

Ntest  Stress  reversals  accumulated 
during  one  6-2/3  octave  sweep 

Ntotai  Total  stress  reversals  accumu¬ 
lated  during  m  sweeps 

Q  Maximum  value  of  yj/yj,  dimen¬ 
sionless 

RT  Relative  transmissibility,  instan¬ 
taneous  value,  dimensionless 

r  Frequency  ratio,  f/fn  or  f/fD, 
dimensionless 

t  Time,  instantaneous  value  (sec) 

tj  Time  at  ix  (sec) 

t2  Time  at  f2  (sec) 

taf  Average  time  to  failure  (sec) 

w  Weight  (lb) 

x  Distance  along  beam  from  origin 
(in.) 

yj  Vibration  table  displacement  (in. 
double  amplitude) 

y2  Vibratory  displacement  at  end  of 
beam  (in.  double  amplitude) 

ya,yb  Components  of  yst  (in.) 

yat  Static  deflection  at  end  of  beam 

(in.) 


y Static  beam  deflection  at  center  of 
weight  (in.) 

yre I  Relative  vibratory  displacement 
between  end  and  root  of  beam  (in. 
double  amplitude) 

y'ei  Relative  vibratory  displacement 
between  center  of  weight  and  root 
of  beam  (in.  double  amplitude) 

A(yrei)  Mean  value  of  yrel  in  excess  of 
(y  r e i )  e  during  one  sweep  (in. 
double  amplitude) 

(yrel)  Value  of  yrel  at  o-e  (in.  double 
amplitude) 

(yrel)  Mean  value  of  yrel  during  one 
mean  sweep  (in.  double  amplitude) 

CVrei)  Mean  value  of  y^el  during  one 
raean  sweep  (in.  double  amplitude) 

(yl  .)  Value  of  y'  ,  for  Test  18 

'  y  rel 'jest  18  rel 

cr  Stress  (psi) 

ae  Endurance  limit  stress  (psi) 
cry  Yield  stress  (psi) 
crst  Static  stress  (psi) 
crdyn  Dynamic  stress  (psi) 

°uit  Ultimate  stress  (psi) 
crtotai  Total  stress  (psi) 

(o-dyn)  Mean  value  of  dynamic  stress 
mean  during  one  sweep  or  during  one 
dwell  history  (psi) 

(crtot.i)  Mean  value  of  total  stress  during 
mean  one  sweep  or  during  one  dwell 
history  (psi) 

e  Angle  between  the  horizontal  and 
a  tangent  to  the  beam  at  the  point 
of  concentrated  load  application 
(rad) 


ANALYTICAL  PROGRAM 

Stress-Amplitude  Relationship 

The  following  analysis  is  required  for  both 
dwell  and  logarithmic  cycling. 
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The  loaded  test  specimen  was  treated  as  a 
massless  cantilever  beam  in  order  to  determine 
the  static  deflections.  The  effect  of  beam  mass 
was  determined  to  be  negligible. 

The  deflection  yIt  consists  of  two  parts, 
y.  and  yb.  By  using  the  classical  expressions 
for  a  massless  cantilever  beam  with  concen¬ 
trated  load  at  its  free  end 


For  the  relatively  small  beam  deflections 
encountered  during  the  tests,  it  was  assumed 
that  stress  varied  linearly  with  beam  deflection. 
Since  peak-to-peak  specimen  displacements 
were  observed,  given  displacements  were  di¬ 
vided  by  two  in  order  to  determine  the  corre¬ 
sponding  stress  levels.  Thus, 


Since  the  quiescent  point  for  vertical  vibration 
occurs  at  a  deflection  of  y^t, 


REDUCTION  OF  DWELL  DATA 

If  the  dwell  tests  had  been  performed  at  f  n, 
and  if  there  had  been  no  shift  in  apparent  reso¬ 
nant  frequency  at  the  values  of  yx  used,  the 
tests  would  have  been  true  resonance  dwell 
tests,  with  r  =  1  and  A.M.  =  1/2 b. 

The  tests  were  performed,  however,  at 
frequencies  previously  determined  at  low  val¬ 
ues  of  y1#  Therefore,  the  test  frequency  in 
each  case  was  above  f p,  with  f  -  fD  increasing 
as  y1  was  increased.  Since  neither  fD  nor  b 
could  be  measured  directly,  it  was  necessary 
to  use  values  based  upon  the  logarithmic  cycling 
data.  Tabulated  values  of  fD  and  b  were  used 
to  plot  the  curves  of  Fig.  3.  Although  Fig.  3  is 
based  on  weight  No.  1 ,  weights  No.  1  and  2  were 
used  for  the  dwell  tests.  It  was  recognized, 
however,  that  b  is  independent  of  specimen 
weight;  experiments  showed  that  the  variation 
of  fj/f,,  is  also  independent  of  specimen  weight. 
The  values  of  b  were  therefore  read  directly 
from  Fig.  3  for  all  dwell  tests.  For  the  dwell 
tests  using  weight  No.  1,  the  values  of  fD  were 
read  directly  from  Fig.  3.  For  the  dwell  tests 
using  weight  No.  2,  values  of  V'.  =  fn/M-0 
were  tabulated.  (See  the  fD  curve  of  Fig.  3.) 
These  values  were  then  multiplied  by  53.4  to 
yield  fD  values  for  weight  No.  2.  A  summary 
of  the  calculation  steps  follow  below. 

In  order  to  calculate  A.  M. ,  it  was  first 
necessary  to  calculate  the  relative  transmissi- 
bility,  RT, 


The  values  of  yj.el  were  determined  by  the  use 
of  the  classical  expression  for  absolute  magni¬ 
fication,  A.M.  On  the  blur  gage  at  the  free  end 
of  the  beam 

yrei  =  y  jA.M. 


This  was  modified  to  yield  y,el  for  the  center 
of  mass 


y 


i 


I Al)  v  -  2hylA'M' 

\y»t/yrel  ~  3a  +  2h 


Using  the  linear  stress -amplitude  relation¬ 
ship  ,  the  initial  stress  values  were  then  calculated. 
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Fig.  3  -  Variation  of  fD  and  b  with  yj 


During  dwell,  the  applied  frequency  was 
held  constant.  Due  to  progressive  fatigue,  y2 
suffered  an  almost  immediate  initial  decay  fol¬ 
lowed  by  a  levelling  out,  and  ending  with  an  in¬ 
crease  in  the  decay  slope  until  failure  occurred. 
Four  time-rate-of-failure  curves  were  drawn 
from  these  tests  during  which  y2  was  continu¬ 
ously  monitored.  From  these,  a  mean  time- 
rate-of-failure  curve  was  drawn.  This  is  shown 
in  Fig.  4.  The  idealized  curve  was  derived  by 
first  noting  that  fD  was  continuously  decreas¬ 
ing  during  the  four  tests,  even  though  yt  was 
held  constant  at  0.03  in.  Assuming  that 
b  was  initially  1/2  Q  =  0.0768  and  remained 
constant,  effective  values  of  r,  and  thus  y;el, 
were  computed  for  various  points  on  the  mean 
y2  versus  t  curve.  By  using  a  curve  showing 
RT  versus  r  for  1.0  =  r  s  2.5,  values  of  r  were 
read  corresponding  to  the  values  of  RT  =  y2/ 
0.03  for  each  value  of  t.  A.M.  and  y'el  were 
computed  using  the  expressions  previously  de¬ 
rived.  The  average  value  of  f  for  the  four  tests 
was  53.2  cps.  The  average  value  of  taf  was 


198.25  sec.  The  average  Naf  =  2ftaf  =  2(53.2) 
(198.25)  =  21,100  stress  reversals. 

From  tensile  tests,  cry  =  40.0  K  psi  and 
°\jit  =  55«°K  Psi*  The  idealized  curve  of  Fig. 

4  was  modified,  as  <7total  was  considered  un¬ 
likely  to  exceed  40.0 K  psi.  Although  y^el  val¬ 
ues  were  large,  the  specimen  material  began 
to  yield  early  in  its  failure  history.  The  linear 
stress-amplitude  relationship  no  longer  held 
true.  The  resultant  curve  is  shown  in  Fig.  4. 
The  mean  value  of  crtotal  was  determined  by 
measuring  the  area  of  the  resultant  curve  from 
N  =  0  to  N  =  21,000  stress  reversals.  Thus, 

S^total  AN) 

(-total)  =  - N -  =  31-700  psi- 

mean  ^af 

Since  the  weight  and  input  amplitude  were 
the  same  for  the  time-rate-of-failure  tests  and 
for  dwell  test  No.  18,  the  ratio  of  (crdyn)mean  to 
the  apparent  value  o-dyn  for  dwell  test  No.  18 
was  determined.  Thus, 
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0  5,000  10,000  15,000  20,000  25,000 

N  (STRESS  REVERSALS) 


Fig.  4  -  Mean  time-rate-of-failure 


K'  = 


(atot.l>  “ 
mean 


492,000  (y;e,) 


=  0.316. 


Test  18 


The  apparent  values  of  o-total  for  the  18 
dwell  tests  were  multiplied  by  0.316  to  yield  the 
values  of  fcrtotai\ean  plotted  in  Fig.  5. 

The  summation  of  N  for  each  dwell  test 
was  2  tf  stress  reversals. 


Reduction  of  Logarithmic  Cycling  Data 

Sweep  Rate  Calculations  -  For  logarithmic 
cycling,  the  instantaneous  applied  frequency  is 
of  the  form  f  =  fx  eK<t*tl).  For  one  octave, 

=  2;  K(t-  tx)  =  0.692. 

Cycling  parameters  of  the  Bruel  and  Kjaer 
Vibration  Exciter  control  were  as  follows: 

Angular  time  rate  of  logarithmic  frequency 
dial=  0.1931  deg/sec,  this  is  equivalent  to  5.178 
sec/deg. 

Angular  spacing  of  frequency  dial  =  21.7 
deg/octave. 


For  one  octave,  (t  -  t2)  =  5.178(21.7)  = 

112.4  sec/octave. 

K  =  0.692/112.4  =  0.006159;  thus 

f  =  f j  e0.006159(  t-tj ) 

This  expression  was  used  for  Cycling  Tests 
I  through  IV,  during  each  of  which  at  least  one 
sweep  was  accomplished  prior  to  failure.  Cy¬ 
cling  Tests  V  and  VI  each  accomplished  failure 
during  the  first  sweep;  the  times-to-failure 
were  measured,  and  from  these  the  frequencies 
at  failure  were  computed.  The  sweep  rate  data 
for  the  six  tests  are  tabulated. 

Stress  and  Stress  Reversal  Summation 
Calculations  -  A  first  approximation  of  a  fatigue 
curve  for  cold-drawn  copper  indicated  that 
cre  %  15,000  psi. 

Using  the  linear  stress -amplitude  rslation- 
ship, 


(for  weight  No.  2,  used  in  all  cycling  tests). 
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N  (STTIE»  REVERSALS) 

Fig.  5  -  Fatigue  curve  for  cold- drawn  copper 


Using  the  constant  value  of  y  j  for  each  of 
the  cycling  tests,  the  values  of  yrel  were  com¬ 
puted  and  tabulated  for  many  values  of  r.  For 
cases  I  through  IV,  values  of  b  were  determined 
using  the  maximum  values  of  y2  attained  during 
the  first  sweep.  Thus, 


2Q  2(y2) 

max 

For  cases  V  and  VI,  values  of  b  were  deter¬ 
mined  by  comparing  the  buildup  rate  of  y2  with 
buildup  rates  for  known  values  of  b.  The  stress 
reversal  summations  were  determined  for  each 
cycling  test  by  using  the  following  relationship: 


In  order  to  avoid  negative  values  of  N,  a 
value  of  fx  could  have  been  selected  in  each 
case  such  that  the  corresponding  value  of  yre, 
would  be  less  than  (yrel)e.  Thus,  both  the 
"clock”  and  the  "counter"  would  have  been 
started  before  significant  fatigue-producing 
stress  levels  were  achieved.  Values  of  t  and 
N  were  computed  and  tabulated  for  each  value 
of  r.  Six  curves  of  yreI  versus  N/2  were 
plotted.  These  are  shown  in  Fig.  6.  The 
(yre,)e  line  was  drawn  in  at  0.0332  in.  For 
tests  V  and  VI,  ordinates  were  drawn  in  at  5775 


and  5015  cycles,  the  respective  N/2  values  cor¬ 
responding  to  the  failures  which  occurred  on 
the  first  sweep  of  each.  The  areas  thus  formed 
with  base  line  at  0.0332  in.  were  measured 
using  a  polar  planimeter.  The  values  of  (Nf  -  N0) 
were  multiplied  by  the  number  of  sweeps  to 
failure  to  obtain  the  total  number  of  accumulated 
stress  reversals.  After  applying  the  proper 
scale  factor  to  the  areas,  they  were  divided  by 
corresponding  values  of  total  (Nf  -  N0),  thus 
yielding  A(yrel)  values.  Then, 

(y;el)  =  0.768  ['A( yrel )  +  0.0332]  . 

me  an 


Dwell  Cycling  Correlation 
for  Specimens 

The  various  values  of  a  were  plotted 
against  their  corresponding  values  of  N,  using 
both  dwell  and  logarithmic  cycling  data.  A  high 
density  of  points  resulted  in  the  region  between 
N  =  103  and  N  =  106.  Handbook  data  w6re 
used  to  fill  in  the  region  between  N  =  106  and 
N  =  107.  Values  for  round  rotating  beam  speci¬ 
men  fatigue  tests  were  used  since  data  were 
not  available  for  cantilever  beam  tests.  The 
failure  rates  are  different  since  the  surface 
fibers  in  a  round  specimen  are  equally  stressed 
in  a  rotating  fatigue  test  and  only  a  portion  of 
the  surface  fibers  are  stressed  in  a  square 
specimen  during  a  cantilever  fatigue  test.  A 
smooth  curve  was  then  plotted  which  included 
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j  (CYCLES) 


Fig.  6  -  Variation  of  yj  A.M.  with  N  for  logarithmic  cycling 


the  results  of  all  tests.  This  curve  is  shown  in 
Fig.  5; 

At  this  point  it  was  possible  to  predict 
specimen  failures  under  any  prescribed  dwell 
or  logarithmic  cycling  test  conditions.  Although 
the  curve  was  limited  to  the  specimen  material, 
it  demonstrated  that  specimen  failure  can  be 
predicted  for  other  materials. 


The  program  outlined  in  this  paper  has 
been  thoroughly  documented  in  Naval  Air  De¬ 
velopment  Center  Report  No.  NADC-EL-6323, 
A  Study  Program  to  Modify  the  Vibration 
Requirements  of  Specification  No.  MIL-T- 
5422E(ASG),  which  will  be  published  later. 


DISCUSSION 


Mr.  Himelblau  (Nortronics):  You  mentioned 
that  this  work  was  related  to  MIL-T-5422E. 

Will  your  results  have  any  effect  on  that  docu¬ 
ment? 

Mr.  Tait:  We  are  working  with  Mr.  E.  L. 
Sanborn  of  the  Bureau  of  Naval  Weapons,  Avi¬ 
onics  Division.  I  would  not  like  to  comment  but 
I  feel  that  if  Mr.  Sanborn  were  here  he  might 


throw  some  light  on  this.  It  is  a  little  bit  too 
early  to  predict  what  effect  this  will  have  on 
specification  changes.  There  are  some  other 
things  we  want  to  do.  For  example,  we  are 
starting  to  run  some  random  tests  on  the  same 
samples  under  the  same  physical  test  setup  to 
see  what  we  can  learn.  I  don’t  want  to  venture 
a  prediction,  but  I  think  that  sooner  or  later 
there  will  be  an  effect,  either  from  our  efforts 
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or  from  the  combined  efforts  of  all  who  are 
working  in  this  field.  I  do  think  that  there  will 
be  some  changes  in  the  specification. 

Mr.  Himelblau:  Didn't  you  say  that  the 
ultimate  use  is  for  the  design  of  avionics  equip¬ 
ment? 

Mr.  Tait:  If  I  said  that,  I  probably  should 
have  related  it  directly  to  MIL-T-5422E  which 
is  not  a  design  specification.  MIL-T-5400  is  a 
design  specification  and  the  two  are  more  or 
less  related. 

Mr.  Himelblau:  Why  did  you  select  simple 
cantilever  specimens  rather  than  complicated 
avionics  gear? 

Mr,  Tait:  That’s  a  good  question.  The 
purpose  of  selecting  simple  cantilever  speci¬ 
mens  was  that  we  wanted  our  initial  investiga¬ 
tion  of  this  problem  to  be  limited  to  something 
where  all  parameters  could  be  measured  readily 
and  with  great  uniformity.  There  are,  of  course, 
cantilever  responses  in  avionics  equipment. 
There  are  all  kinds  of  responses.  We  realize 


that  our  simple  system  is  an  idealized  setup, 
but  certainly  representative  of  avionics  equip¬ 
ment  in  principle  if  not  in  direct  application. 
There  were  some  thoughts  advanced  in  the  be¬ 
ginning  of  the  program  that  perhaps  we  ought  to 
work  with  a  simulated  box  with  various  spring 
mass  systems.  However,  we  wanted  to  conduct 
so  many  tests  to  failure  that  this  presented 
many  difficulties  in  costs,  procurement,  and 
time,  as  well  as  getting  uniformity  among  spec¬ 
imens.  We  found  that  we  had  such  sufficient 
control  of  our  simple  specimens  that  we  were 
able  to  get  very  consistent  results  with  as  few 
as  five  specimens  for  a  particular  test  condi¬ 
tion.  This  is  after  we  got  things  under  control. 
But  I  realize  that  there  is  much  more  to  be  done 
and  I  think  that  certainly  some  tests  should  be 
applied  to  selected  avionics  specimens. 

Mr.  Himelblau:  Then  I  assume  that  before 
you  decide  to  make  any  major  changes  in  regard 
to  avionics  equipment  you  would  include  such 
equipment  somewhere  in  your  test  program  ? 

Mr.  Tait:  I  think  there  should  definitely  be 
more  investigation  in  this  direction. 


SIMULATION  OF  REVERBERANT  ACOUSTIC  TESTING 
BY  A  VIBRATION  SHAKER 


D.  U.  Noiseux 

Bolt,  Beranek,  and  Newman  Inc. 
Cambridge,  Massachusetts 


Random  noise  testing  of  structures  having  a  linear  response  can  be 
simulated  by  a  mechanical  shaker.  One  may  do  a  low-level  acoustic 
test  while  monitoring  vibration  at  a  few  critical  points,  and  then  excite 
the  structure  with  mechanical  shakers  at  higher  vibration  levels  to 
simulate  proportionally  higher  acoustic  levels.  The  need  of  a  low- 
level  sonic  excitation  may  be  removed  by  measuring  the  radiation  im¬ 
pedance  of  the  structure,  its  mode  density,  and  monitoring  the  mechan¬ 
ical  power  applied  to  the  structure  by  a  shaker.  Available  estimates  1 
of  radiation  impedance  and  mode  density  for  simple  geometries,  can 
be  used  instead  of  direct  measurements. 

Experimental  results,  using  the  second  approach,  are  presented.  A 
closed  box,  with  an  internal  panel  is  suspended  in  a  reverberant  room 
excited  by  bands  of  random  noise.  The  pressure  levels  in  the  room 
are  measured  together  with  the  vibration  level  of  different  points  of  the 
box.  The  same  box  is  then  excited  by  a  mechanical  shaker,  through  an 
impedance  head  connecting  the  box  to  the  shaker  armature.  The  elec¬ 
trical  outputs  of  the  impedance  head  are  transformed  electronically  to 
give  the  average  mechanical  power  applied  to  the  box.  The  vibration 
levels  of  the  box  are  monitored. 

Comparison  of  the  experimental  results,  for  acoustical  and  mechanical 
excitation  with  calculations  derived  from  available  theory  1  show  en¬ 
couraging  agreement.  Extensions  and  limitations  of  this  technique  are 
discussed. 


INTRODUCTION 

High  level  acoustic  tests  can  be  simulated 
with  vibration  shakers  under  certain  conditions. 
The  basic  theory  has  been  presented  else¬ 
where.2*3  We  present  here  experimental  re¬ 
sults,  with  emphasis  on  the  conditions  under 
which  these  results  are  valid. 

Since  the  cost  of  high-level  acoustic  tests 
is  often  prohibitive,  a  less  expensive  test  with 
smaller  and  much  more  efficient  vibration 


shakers  is  attractive.  In  such  applications  the 
efficiency  of  shakers  is  a  few  orders  of  mag¬ 
nitude  greater  than  the  efficiency  of  equivalent 
sound  sources.  The  shakers  would  be  directly 
attached  to  the  structure  under  test  (an  instru¬ 
ment  package  for  example),  while  in  the  case  of 
the  acoustic  test  the  prime  power  has  to  be  con¬ 
verted  first  into  acoustic  power  with  an  effi¬ 
ciency  of  only  a  few  percent;  then  the  power 
absorbed  by  the  test  object  is  only  a  small  frac¬ 
tion  of  the  total  acoustic  power  available,  the 
remaining  power  is  absorbed  by  the  walls  of 
the  test  room. 


1r.  H.  Lyon,  "An  Energy  Method  for  Prediction  of  Noise  and  Vibration  Transmission,"  Shock,  Vibra¬ 
tion,  and  Associated  Environments  Bulletin  No.  33,  Part  II  (1964),  pp.  13-25. 

ZD.  U.  Noiseux,  J.  J.  Coles,  N.  Doelling,  and  G.  Maidanik,  "Dynamic  Response  and  Test  Correlation 
of  Electronic  Equipment,"  ASD-TDR-62-614  (Aug.  1962). 

3R.  H.  Lyon,  G.  Maidanik,  E.  Eichler,  and  J.  J.  Coles,  "Random  Vibration  Studies  of  Coupled  Struc¬ 
tures  in  Electronic  Equipments  -  Vol.  I,"  ASD-TDR-63-205  (Apr.  1963). 
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REVIEW  OF  THE  CONDITIONS  TO 
BE  SATISFIED  FOR  SIMULATION 

In  the  following  paragraphs  we  enumerate 
and  briefly  discuss  the  conditions  which  must 
be  satisfied  by  the  structure  and  Us  environ¬ 
ment  in  order  to  enable  acoustic  tests  to  be  re¬ 
placed  by  mechanical  ones. 

1.  The  acoustic  field  to  be  simulated  is  a 
random  noise  with  a  continuous,  bat  not  neces¬ 
sarily  uniform,  spectrum.  The  field  then  is 
such  that  it  contains  most  frequency  compo¬ 
nents,  and  these  components  are  uncorrelaled. 
Moreover,  in  a  given  narrow  frequency  band, 
the  components  have  approximately  equal 
amplitudes . 

2.  The  acoustic  field  to  be  simulated  is  a 
diffuse  one,  that  is,  in  terms  of  room  acoustics, 
it  is  a  reverberant  field.  Thus  if  the  structure 
has  a  directional  preference  in  accepting  acous¬ 
tic  energy  from  one  or  the  other  field  compo¬ 
nents  (modes),  energy  is  available  to  it  in  that 
direction  in  an  amount  that  is  independent  of 
this  direction. 

3.  The  test  structure  has;  many  modes 
within  each  frequency  band,  and  they  are  spa¬ 
tially  uniformly  and  randomly  distributed 
throughout  the  structure.  This  insures  that  all 
modes  in  the  band  are  excited  and  that  statisti¬ 
cally  they  are  excited  to  approximately  equal 
levels,  i.e.,  the  mean  response  velocities  of  the 
modes  are  approximately  equal. 

Although  thf?se  conditions  may  appea  r  at 
first  rather  restrictive,  they  cover,  to  a  good 
degree  of  approximation,  many  cases  of  con¬ 
siderable  practical  interest.  For  example,  they 
cover  cases  w’here  instrument  packages  inside 
a  missile  or  a  jet  aircraft  are  placed  in  posi¬ 
tions  where  they  are  subjected  to  rather  random 
and  complex  sound  fields,  which  resemble  re¬ 
verberant  sound  fields  in  rooms.  On  the  other 
hand,  the  instrument  package  is  usually  made 
up  of  a  complicated  combination  of  panels  and 
beams.  Such  structures  would  generally  satisfy 
the  third  set  of  conditions. 

When  the  conditions  stated  above  are  satis¬ 
fied  by  the  structure  and  the  acoustic  field  the 
response  of  the  structure  to  the  acoustic  field 
is  proportional  to  this  coupling  factor: 

average  acceleration  of  .  .1/2 

the  structure  (rms)  ^  /*r ad  \ 

average  acoustic  pressure  ("rms)  \Rtot 

where  the  average  refers  to  time  and  spatial 
averages. 


The  quantity  is  defined  such  that 
should  the  structure  be  set  into  vibrational 
motion  corresponding  to  its  response,  the 
acoustic  power  which  it  will  radiate,  P0,  is 
given  by: 


where  v2  is  the  mean  square  velocity  averaged 
in  lime  and  space  of  the  motion  of  the  structure. 

Similarly, 

V  ■■■■  ;;:r  «t«t 

is  the  total  dissipation  of  power  in  the  structure, 
that  is,  tin?  mechanical  and  the  radiation  losses. 

Fur  well  designed  structures,  Ptot  should 
be  as  large  as  practical.  This  may  be  achieved 
by  damping  treatments.  On  the  other  hand,  Rrad 
is  set  by  tin  geometry  of  the  structure.  Typi¬ 
cally,  for  ribbed  panels  and  boxes  made  of 
ribbed  panels  Rra(,  is  an  increasing  function  of 
frequency  until  coincidence  frequencies  of  the 
panels  are  reached,  after  which  F rad  becomes 
essentially  constant  as  shown  in  Fig;.  1.  For 
the  casts  where  Rt3t  is  almost  constant,  the 
acceleration  response  of  the  structure  to  con¬ 
stant  acoustic  pressure  level  is  expected  to  in¬ 
crease  with  frequency  until  coincidence  fre¬ 
quencies  are  reached,  then  to  level  off.  In 
contrast,  the  acceleration  response  of  the 
structure  to  a  cede  ra' ion  excitation  from  a 
.shaker  should  be  roughly  constant. 

In  the  fed i owing  sections  we  introduce  dif¬ 
ferent  degrees  of  simulation  and  present  ex¬ 
perimental  results. 

DECREE  OF  ACOUSTIC  SIMULATION 

The  degree  of  acoustic  simulation  could  be 
related  to  the  use  of  acoustic  sources  involved 
in  the  simulation.  In  a  low  degree  of  simulation, 
only  acoustic  sources  are  used;  in  a  higher  de¬ 
gree  of  simulation  only  vibration  shakers  are 
involved. 

It  will  also  become  apparent  that  for  a 
higher  degree  of  simulation,  more  information 
is  required  about  the  test  structure.  And,  con¬ 
versely,  as  the  energy'  transmission  from  the 
acoustic  field  to  the  vibration  field  is  better 
understood  better  simulation  becomes  possible. 

We  will  discuss  simulation  of  a  high  acous- 
1  ic  level  by  a  low  acoustic  level,  simulation  of 
a  high  acoustic  level  by  a  low  acoustic  level 
source  and  vibration  shakers,  and  simulation 
with  vibration  shatters  only. 
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Fig.  1  -  Calculated  radiation  efficiency  a  of  the  box 


SIMULATION  OF  A  HIGH  ACOUSTIC 
LEVEL  BY  A  LOW  ACOUSTIC  LEVEL 

This  case,  almost  trivial,  and  yet  most  im¬ 
portant,  requires  that  the  vibration  response  of 
the  test  object  be  essentially  linear.  It  requires 
also,  in  order  to  draw  conclusions  from  the  test, 
that  the  failure  vibration  levels  of  the  critical 
components  be  known. 

By  the  expression  essentially  linear  we 
mean  that  any  actual  nonlinearity  should  have  a 
negligible  reaction  on  the  response  of  the  struc¬ 
ture.  For  example,  the  critical  components  may 
be  diodes,  relays,  klystrons,  and  so  forth;  the 
malfunction  of  such  components  should  not  change 
appreciably  the  vibration  response  of  the  sub¬ 
structure  on  which  they  are  located. 

The  simulation  test  consists  of  applying  a 
lower  acoustic  level  than  the  full  test  would  re¬ 
quire,  with  proper  field  distribution  and  spec¬ 
trum.  The  vibration  levels  at  the  critical  points 
are  monitored  with  accelerometers.  These 
measurements  are  then  extrapolated  propor¬ 
tionately  to  the  desired  high  level.  These  ex¬ 
trapolated  values  are  then  compared  with  the 
vibration  levels  at  which  the  critical  components 
would  fail. 


the  inefficiency  of  the  acoustic  pressure  around 
critical  components  to  excite  them.  Rather  the 
acoustic  energy  received  by  the  primary  struc¬ 
ture  and  transmitted  through  it  to  the  critical 
components  is  dominant.  In  fact,  it  is  difficult 
to  find  a  case  where  the  acoustic  pressure 
around  the  component  itself  is  the  cause  of  its 
malfunction,  rather  than  the  mechanical  vibra¬ 
tion  of  whatever  the  component  is  mounted  on. 

The  required  linearity  of  response  is  indeed 
restrictive.  But  in  many  cases,  instrument 
packages  which  have  been  designed  to  provide 
mechanical  strength  to  low'  frequency  vibrations 
will  almost  necessarily  have  linearity  of  re¬ 
sponse  at  all  frequencies  when  exposed  to  very 
high  levels  of  acoustic  excitation. 

The  following  example4  of  tests  performed 
on  a  missile  guidance  computer  will  illustrate 
this  case. 

This  large  computer,  weighing  approxi¬ 
mately  200  pounds,  had  experienced  malfunction 
caused  by  electrical  failures  of  point  contact 
diodes.  The  levels  at  which  these  diodes  would 


4D.  U.  Noiseux,  C.  W.  Dietrich,  E.  Eichler,  and 
R.  H..  Lyon,  "Random  Vibration  Studies  of  Cou¬ 
pled  Structure  s  in  Electronic  Equipments  -  Vol. 
II,"  ASD-TDR-63  (submitted  Oct.  1963). 


We  have  mentioned  only  the  vibration  re¬ 
sponse  of  the  critical  components  because  of 
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fail  were  investigated  separately  by  vibration 
tests  on  the  diodes. 

The  whole  computer  was  subjected  to  low- 
level  acoustic  tests  in  a  reverberant  room. 

Such  diffuse  field  was  considered  a  good  ap¬ 
proximation  to  actual  environment.  The  ac¬ 
celeration  responses  of  typical  circuit  boards 
were  measured  inside  the  computer.  The  com¬ 
puter  was  also  subjected  to  direct  mechanical 
excitation  at  the  base  of  its  vibration  mounts; 
the  acceleration  responses  of  the  same  boards 
were  measured.  The  laboratory  results  of  cir¬ 
cuit  board  vibrations  were  scaled  up  propor¬ 
tionately  to  the  levels  of  excitation  and  spec¬ 
trum  of  both  the  acoustic  field  and  the  vibration 
excitation  of  the  vibration  mounts,  which  were 
obtained  from  actual  test  firings  of  the  missile. 

These  results  are  shown  in  Fig.  2.  The 
sum  (on  a  power  basis)  of  the  response  to 
acoustic  excitation  and  to  the  direct  mechanical 
excitation  is  also  shown.  It  is  interesting  to 
note  that  acoustic  excitation  dominates  at  high 
frequencies.  Finally,  these  laboratory  results 
are  compared  with  actual  measurements  made 
on  the  computer  during  firing.  Figure  3  shows 
this  comparison.  The  agreement  is  quite 


encouraging.  Shown  in  Fig.  3  is  a  range  of  fre¬ 
quency  and  vibration  levels  where  diode  failures 
were  encountered. 

These  tests  served  to  show  that  diode  fail¬ 
ures  were  possible  under  the  environment  of 
the  computer,  and  that  the  acoustic  environ¬ 
ment  at  high  frequency  was  the  main  cause  of 
failure.  An  interesting  point  is  that  these  re¬ 
sults  were  obtained  with  a  20 -pound -force 
shaker  and  a  50-watt  loudspeaker.  These 
sources  were  found  adequate  to  give  sufficient 
signal -to -noise  ratios  for  all  the  measure¬ 
ments  made. 


SIMULATION  OF  A  HIGH  ACOUSTIC 
LEVEL  BY  A  LOW  ACOUSTIC  LEVEL 
SOURCE  AND  VIBRATION  SHAKERS 

This  technique  consists  of  applying  first 
the  proper  acoustic  field  at  a  low  level  and 
monitoring  the  acceleration  response  of  a  few 
points  on  the  test  package;  then  the  acoustic 
field  is  turned  off  and  small  shakers  are  con¬ 
nected  at  the  location  of  the  monitored  points 
on  the  test  package.  Power  is  applied  to  the 
shakers  such  that  the  vibration  levels  of  the 


Fig.  2  -  Predicted  response  of  board  Z219  for  acoustic 
and  vibration  environment  of  75F-9 
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Fig.  3  -  Comparison  of  predicted  response  of  Z219  for 
75F-9  and  measured  response  of  Z218  from  75F-9 


monitored  points  are  heightened  proportionally 
and  attain  values  that  would  correspond  to  the 
desired  high-level  acoustic  field. 

This  technique  assumes  that  the  following 
conditions  apply: 

1.  Linearity  of  response  which  permits 
scaling  the  levels  of  the  monitored  points  pro¬ 
portionately  to  the  desired  level  of  simulation. 

2.  Complexity  and  close  coupling  of  the 
main  structure  so  that  only  a  few  small  shakers 
are  needed. 

One  does  not  need  to  know  the  sensitivities 
of  critical  components,  as  was  required  in  the 
preceding  case:  the  actual  vibration  levels 
which  would  result  from  the  high  level  of  acous¬ 
tic  excitation  are  obtained  with  the  shakers. 

The  difficulties  of  this  technique  reside 
mainly  in  the  judicious  selection  of  the  attach¬ 
ment  points  of  the  small  shakers,  the  number 
of  shakers  required,  and  the  spurious  loading 
of  the  structure  by  the  vibration  shakers.  Itap- 
pears  that  when  the  structure  is  rather  complex 
and  tightly  coupled,  such  that  the  vibration  field 
of  the  test  object  is  essentially  a  reverberant 


one,  only  one  shaker  would  suffice  and  that  its 
attachment  point  and  the  loading  at  that  point 
are  not  critical. 


SIMULATION  WITH  VIBRATION 
SHAKERS  ONLY 

We  consider  first  a  structure  composed  of 
an  assembly  of  panels  and  beams  all  tightly 
coupled.  We  then  consider  the  substructures 
attached  to  the  primary  structure. 


Primary  Structure 

All  the  conditions  listed  in  the  second  sec¬ 
tion  now  apply.  In  addition,  we  need  to  know 
the  following  information: 

1.  The  mode  density  n#  (number  of  modes 
per  radian  per  second)  of  the  test  structure. 

2.  The  radiation  resistance  Rrad  of  the 
test  structure. 

The  spectrum  of  the  random  noise  excita¬ 
tion  is  assumed  supplied  by  a  knowledge  of  the 
environment. 
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The  mode  density  nt  of  the  structure  can 
be  obtained  by  calculations  when  the  structure 
is  essentially  composed  of  panels  and  beams. 
Otherwise,  it  may  be  obtained  by  direct  meas¬ 
urement;  the  structure  is  excited  by  a  small 
shaker  and  the  acceleration  responses  of  a  few 
locations  on  the  structure  are  monitored.  The 
excitation  is  a  pure  tone  which  is  very  slowly 
swept  through  the  spectrum.  By  recording  the 
acceleration  response  on  a  graphic  level  re¬ 
corder,  one  counts  the  number  of  peaks  within 
each  segment  of  the  spectrum,  e.g.,  third  octave 
bands.  The  mode  density  as  a  function  of  the 
center  frequency  of  these  frequency  bands  may 
thus  be  obtained.  The  technique  is  rather 
straightforward.  The  mode  density  will  be 
almost  a  constant  since  it  is  dominated  by  the 
panels  of  the  structure. 

The  radiation  resistance  Rr,d  could  either 
be  calculated  for  simple  assembly  of  panels  and 
beams  or  measured  by  the  reverberant  room 
technique  for  measuring  the  power  PQ  radiated 
from  a  source.  Since  the  power  radiated  PQ  is: 

P.  *  **  *r.d  ■ 

and  v2  is  the  mean  square  velocity  of  the  panels 
of  the  structure.  We  can  solve  for  Rrad  in_each 
frequency  band  of  excitation  when  PQ  and  v2 
can  be  measured  simultaneously.  Po  is  deter¬ 
mined  from  the  reverberant  room  constants  and 
microphone  measurements. 


where  p  and  c  are  the  ambient  density  and 
speed  of  sound. 

Since  the  power  input  Pin,  supplied  by  the 
acoustic  field  to  the  structure,  is  equal  to  the 
power  dissipated  by  the  structure, 


We  obtain  from  the  equations  above 


P:. 
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In  order  to  simulate  the  response  of  the 
test  object  caused  by  a  random  noise  excitation 
in  a  reverberant  field  having  a  mean  square 
pressure  p2,  one  has  to  supply  to  the  test 
object,  by  means  of  shakers,  the  mechanical 
power  Pin  given  above.  This  is  done  by  using 
an  impedance  head  between  the  shaker  and  the 
test  object.  The  electrical  outputs  of  the  im¬ 
pedance  head  are  transformed  to  give  signals 
proportional  to  velocity  and  force,  then  multi¬ 
plied  together  and  the  result  integrated  to  yield 
the  average  power  Pin.  Figure  4  shows  the 
instrumentation  used  to  obtain  the  average 
input  power. 


Substructure 


It  is  not  necessary  to  determine  the  total 
loss  resistance  Rtot.  This  quantity  is,  however, 
required  if  one  wishes  to  predict  the  acceleration 
response  of  the  structure  to  reverberant  sound 
fields.  A  convenient  technique  to  obtain  Rtot  is 
to  measure  in  each  frequency  band  the  decay 
rate  or  reverberation  time  of  the  response  of 
the  structure  when  random  excitation  in  fre¬ 
quency  bands  applied  by  a  shaker  is  suddenly 
turned  off.  The  reverberation  time  Ts,  which 
is  the  time  required  for  the  response  to  decay 
by  60  db,  yields  Rtot, 

13.8  Mo 

■  -TT*  • 

where  Ms  is  the  total  mass  of  the  structure. 


The  substructure  could  be  for  example  an 
electronic  circuit  board. 

Following  the  same  pattern,  the  modal 
energy  exchange  between  the  main  structure 
and  a  substructure  is  related  by  a  coupling 
factor  which  is  similar  to  the  ratio  Rrad/Rtot 
used  in  the  case  of  acoustic  excitation.  Here, 
however,  the  source  of  excitation  is  the  pri¬ 
mary  structure,  the  receiver  is  the  substruc¬ 
ture,  and  the  coupling  resistance  replaces  the 
radiation  resistance.  The  coupling  factor  is 
more  easily  expressed  as  a  ratio  of  loss  fac¬ 
tors  77  which  are  related  to  the  reverberation 
time  T  by 


Having  obtained  this  preliminary  informa¬ 
tion,  it  can_be  shown  that  the  mean  square  ac¬ 
celeration  a5  of  the  structure  excited  by  an 
acoustic  field  of  mean  square  pressure  p7  is 
given  by 


Rrad  2v2C  ~2 
-  x  -  x  p*  , 

Rtot  p 


where  f  is  the  frequency.  For  simple  connec¬ 
tions  between  plates  we  obtain  the  expression 


V.  = 

~2  "  n,  M,,  Ve  +  Vm,  * 
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Fig.  4  -  Multiplier  circuit  diagram 


where  subscript  s  referred  to  the  main  struc¬ 
ture,  subscript  ss  to  the  substructure,  and  sub¬ 
script  c  to  the  coupling. 

Example4 

As  a  controlled  experiment  a  closed  metal 
box  was  fabricated,  containing  an  inside  panel 
tied  by  studs  to  two  opposite  sides  of  the  box. 

The  dimensions  of  the  box  were  approximately 
12  X  16  x  18  inches. 

The  box  was  tested  in  the  acoustic  field  of 
a  reverberant  room  nnd  its  acceleration  re¬ 
sponse  was  measured.  The  radiation  resistance 
and  mode  density  of  the  box  were  calculated. 

The  reverberation  time  of  the  box  was  meas¬ 
ured.  The  response  of  the  box  was  then  calcu¬ 
lated  as  indicated  above. 

Figure  5  shows  the  reverberation  time  of 
the  box.  In  Fig.  1  the  radiation  resistance  is 
given  as  a  radiation  efficiency  (ratio  of  radia¬ 
tion  resistance  to  outside  area  of  the  box  and 
the  acoustic  impedance  pc).  Figure  6  compares 
the  calculated  and  the  measured  acceleration 
response  of  the  box  to  acoustic  excitation.  This 
result  illustrates  that  the  response  of  the  box 
to  acoustic  field  can  be  predicted,  although  the 
accuracy  in  this  particular  case  is  not  very  high.5 


^The  results  of  Fig.  6  were  not  as  encouraging 
as  other  measurements  on  similar  structures 
have  previously  shown.  See  for  example,  the 
results  of  Section  11  in  Ref.  2. 


We  proceed  to  simulate  the  response  of  the 
box  to  acoustic  excitation  by  using  only  vibra¬ 
tion  shakers.  Only  one  shaker  is  used  because 
the  box  is  a  tightly  coupled  structure.  The  cri¬ 
terion  consists  of  comparing  the  calculated  and 
the  measured  value  of  mechanical  power  re¬ 
quired  to  give  the  same  acceleration  response 
of  the  box.  If  these  two  values  of  power  agree, 
then  the  simulation  is  successful.  If  the  accel¬ 
eration  response  used  as  a  base  is  the  one  ob¬ 
tained  by  acoustic  measurement  as  shown  in 
Fig.  6,  the  degree  simulation  would  be  only 
partial,  because  an  acoustic  test  would  have 
been  used.  On  the  other  hand,  if  the  accelera¬ 
tion  response  used  as  a  base  is  the  calculated 
one  of  Fig.  6,  then  the  simulation  would  be 
complete  since  no  acoustic  excitation  would 
have  been  used.  The  first  result  of  partial 
simulation  is  shown  in  Fig.  7.  The  mechanical 
power  calculated  from  the  predicted  values  of 
Rr.d  and  the  measured  values  of  acceleration 
response  of  the  box  to  sound  pressure  are 
compared  with  the  measured  mechanical  power 
required  to  give  the  same  acceleration  re¬ 
sponse;  the  agreement  is  good  illustrating  that 
power  is  the  true  basis  for  equivalence. 

The  second  result  of  complete  simulation 
consists  of  using  as  a  base  the  predicted  ac¬ 
celeration  response  of  Fig.  6  instead  of  the 
measured  one.  The  result  is  very  similar  to 
that  of  Fig.  7  illustrating  that,  at  least  under 
the  conditions  stated,  a  fair  simulation  of 
acoustic  testing  with  only  vibration  shakers 
is  possible. 
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Fig.  5  -  Reverberation  time  of  the  box 


Fig.  6  -  Acceleration  response  of  the  box  to  acoustic  reverberant  excitation 
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Fig.  7  -  Mechanical  power  in  1/3  octave  bands 
required  to  simulate  100  db  SPL  excitation 


It  is  noted  that  the  differences  between  the 
simulated  test  and  the  actual  acoustic  tests  grow 
progressively  larger  at  lower  frequencies.  This 
is  obtained  because  the  frequency  bands  of  ex¬ 
citation  used  for  these  tests  were  of  constant 
percentage  bandwidth;  since  the  mode  density 
of  the  box  structure  is  essentially  constant,  the 
lower  frequency  bands  contained  fewer  modes 
per  band  leading  to  greater  uncertainty.  It  fol¬ 
lows  also  that  the  present  theory  does  not  com¬ 
pletely  predict  the  response  of  the  structure  at 
single  selected  modes.  In  particular,  the  level 
of  response  of  the  first  mode  alone,  which  is 
often  of  much  importance  because  of  the  large 
displacements  associated  with  it,  is  obtained 
only  with  considerable  uncertainty.  Analysis  of 
the  limits  of  these  uncertainties  form  an  im¬ 
portant  area  of  investigation. 

Additional  measurements  on  the  same  test 
box  gave  the  ratios  of  the  acceleration  of  the 
subpanel  to  that  of  the  box  for  two  different 
damping  conditions  for  the  subpanel.  The  pre¬ 
dicted  ratios  were  calculated  from  reverbera¬ 
tion  time  measurements  of  the  subpanel  giving 
the  loss  factors  as  shown  in  Fig.  8.  The  calcu¬ 
lated  acceleration  ratios  are  compared  with 
those  actually  measured  in  Figs.  9  and  10. 

Again  the  agreement  is  encouraging. 


CONCLUSIONS 

Different  cases  of  acoustic  simulation  have 
been  discussed  showing  progressively  higher 
degrees  of  simulation  up  to  the  case  where  no 
acoustic  sources  are  used,  but  only  vibration 
shakers.  Each  case  has  very  practical  appli¬ 
cations. 

The  attraction  of  simulating  high  level 
acoustic  tests  with  shakers  is  that  the  cost  of 
the  excitation  is  drastically  reduced.  More 
simulated  acoustic  tests  are  then  possible.  It 
is  also  a  challenge  in  that  simulation  requires 
a  better  understanding  of  the  interrelated  acous¬ 
tic  and  vibration  phenomena. 

Although  the  simulated  tests  now  appear 
capable,  in  some  practical  cases,  of  replacing 
full  scale  acoustic  tests,  the  acoustic  tests 
would  still  be  required  as  a  final  proof  until 
more  investigation  provides  the  detailed  knowl¬ 
edge  required  to  make  the  present  simulation 
techniques  a  reliable  testing  tool. 

The  present  approach  should  also  eventually 
provide  guides  for  the  design  of  complex  pack¬ 
ages  to  be  exposed  to  intense  sound  and  vibra¬ 
tion  excitation.  These  guides  would  attempt  to 
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THIRD  OCTAVE  BAND  CENTER  FREOUENCY  IN  CYCLES  PER  SECOND 

Fig.  9  -  Ratio  a9#/a#  of  accelerations  of  internal  panel 
and  box  with  negligible  damping  of  the  internal  panel 


Fig.  10  -  Ratio  as#/af  of  accelerations  of  internal  panel 
and  box  with  medium  damping  of  the  internal  panel 
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show  how  to  minimize  the  coupling  between 
acoustic  field  and  vibration  of  the  structure  and 
between  vibration  of  a  substructure  and  its  pri¬ 
mary  structure. 
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DISCUSSION 


Mr.  Himelblau  (Nortronics):  I  have  a  ques¬ 
tion  about  applicability  of  the  power  method. 

You  are  dealing  here  with  an  investigation  of 
levels  over  fairly  wide  frequency  bands  —  octave 
or  third-octave  bands.  There  are  structures, 
however,  consisting  of  electronic  components 
that  might  be  susceptible  to  certain  frequencies 
within  a  wide  band.  How  do  you  deal  with  the 
vibration  simulation  of  the  acoustical  response 
in  this  case  ? 

Dr.  Noiseux:  The  technique  used  is  a  sta¬ 
tistical  one.  It  depends  strongly  on  the  average 
response  of  the  test  object  over  many  modes 
and  over  many  points.  We  find  that  the  uncer¬ 
tainty  of  the  prediction  increases  considerably 
as  one  wants  to  look  at  only  one  mode  or  only 
one  point  of  the  structure.  Some  attempts,  with 
some  success,  have  been  made  by  variational 
analysis  to  obtain  the  limits  of  this  uncertainty, 
and  indeed  we  hope  that  more  work  will  be  done 
in  this  direction. 

Mr.  Himelblau:  If  you  place  your  shaker  at 
a  particular  point,  there  will  be  some  modes 
that  will  be  driven  better  than  others.  In  fact 
there  will  be  some  modes  that  will  not  be  driven 


at  all.  You  said  that  you  did  not  feel  that  the 
location  of  the  shaker  was  critical.  Is  this  on 
the  basis  of  looking  at  several  modes  rather 
than  looking  at  them  individually  ? 

Dr.  Noiseux:  Indeed,  this  is  the  essential 
basis  of  this  approach.  Even  in  the  actual  en¬ 
vironment  inside  this  missile,  the  distribution 
of  the  acoustic  field  is  unknown.  It  is  so  com¬ 
plex  as  to  be  impossible  of  definition.  This  is 
why  the  process  of  approximating  such  a  field 
is  one  which  is  perhaps  even  more  complex,  but 
complex  in  a  uniform  way.  There  are  varia¬ 
tions  from  one  test  object  to  another  in  produc¬ 
tion.  There  are  variations  indeed  in  the  actual 
time  history  of  the  pressure  from  firing  to  fir¬ 
ing.  It  seems  appropriate  to  use  a  field  which 
is  a  little  more  general,  such  as  a  reverberent 
field,  rather  than  an  actual  specific  field  and  its 
distribution,  taken  from  a  specific  case  of  one 
actual  firing.  I  think  this  is  similar  to  the  cus¬ 
tom  of  using  pure  tone  or  sine  waves  to  test  a 
simple  amplifier,  although  it  would  be  used  for 
speech.  The  test  signal  is  of  simpler  nature, 
but  is  general  enough  to  show  the  property  of 
the  object  of  interest. 


Section  4 

COMBINED  TEMPERATURE-VIBRATION  TESTS 


COMBINED  HIGH  TEMPERATURE-VIBRATION 
TEST  TECHNIQUES 


H.  S.  Bieniecki  and  E.  Kuhl 
McDonnell  Aircraft  Corporation 


The  development  of  a  high  temperature  -vibration  test  facility  to  accom¬ 
modate  specimens  up  to  a  weight  of  200  pounds  and  to  temperatures  of 
about  4000  F  will  be  described.  Test  procedures  will  be  discussed,  as 
well  as  the  instrumentation  and  controls  used  to  measure  and  regulate 
the  vibration  and  temperature  conditions. 


INTRODUCTION 

The  re-entry  environment  imposes  a  num¬ 
ber  of  interacting  conditions  on  a  blunt-nosed 
vehicle  traveling  at  hypersonic  speeds.  Since 
complete  simulation  of  the  re-entry  environ¬ 
ment  is  not  yet  practical,  it  is  important  to 
simulate  certain  crucial  interacting  conditions. 
Dynamic  loading  at  high  temperature  is  one  of 
the  conditions  that  can  be  reasonably  simulated. 

The  refractories  used  in  re-entry  struc¬ 
tures  are  well  known  for  their  low  mechanical 
and  thermal  shock  capabilities.  In  common 
engineering  materials  failure  begins  with  plas¬ 
tic  flow,  creep,  or  incipient  cracking.  This 
provides  a  certain  amount  of  design  latitude. 
With  refractories,  however,  failure  is  nearly 
always  catastrophic.  Techniques  have  there¬ 
fore  been  developed  to  confine  or  restrict  re¬ 
fractory  failures.  One  of  the  oldest  techniques 
is  the  mosaic  approach  which  limits  the  size 
of  the  structural  units  so  as  to  avoid  thermal 
gradients  high  enough  to  cause  any  unit  to  frac¬ 
ture.  Some  design  techniques  are  also  directed 
toward  continued  function  of  the  overall  struc¬ 
ture  in  spite  of  the  fracture  of  individual  units. 
The  use  of  composite  layers  of  high  to  low  elas¬ 
tic  modulus  refractories  has  had  success  in 
certain  applications.  This  technique  permits 
incipient  cracking  under  thermal  shock  rather 
than  total  fracture.  From  the  foregoing  it  is 
evident  that  the  added  complexity  of  design  or 


fabrication  methods  for  blunt-nosed  re-entry 
structures  makes  it  mandatory  to  test  each  de¬ 
sign  under  a  combined  high  temperature  and 
vibration  environment.  This  is  the  only  present 
means  of  obtaining  assurance  of  functional  reli¬ 
ability  under  simultaneous  conditions  of  high 
thermal  and  mechanical  stress. 


DESCRIPTION  OF  TEST  FACILITY 

A  special  test  facility  was  constructed  at 
McDonnell  Aircraft  to  conduct  combined  high 
temperature -vibration  tests  on  blunt-nosed  re¬ 
entry  structures.  The  facility  can  be  arranged 
to  accommodate  specimens  ranging  in  weight  up 
to  about  200  pounds.  Temperature  levels  of 
4000° F  can  be  attained  at  the  present  time.  The 
facility  is  relatively  straight-forward  in  design. 
It  is  comprised  of  two  distinct  units:  one  for 
providing  the  high  temperature  environment  and 
the  other  for  providing  the  vibration  environ¬ 
ment.  A  side  view  of  the  test  facility  is  shown 
in  Fig.  1. 

The  high  temperature  unit  had  been  designed 
initially  for  static  tests  on  refractory  specimens 
in  general  but  was  readily  adapted  for  use  in  the 
combined  facility.  The  unit  is  of  the  combustion 
type  consisting  simply  of  a  cluster  of  six  stand¬ 
ard  oxyacetylene  heating  torches  mounted  in  a 
sm^ll  circular  pattern  to  produce  a  flame  about 
2  inches  in  diameter.  The  torches  are  housed 
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Fig.  1  Side  view  of  the  test  facility 


in  a  conically  shaped,  water-cooled,  copper  heat 
shield  which  protects  the  torches  from  radiant 
heating  during  operation.  The  flame  can  be  ad¬ 
justed  to  produce  an  oxidizing,  neutral,  or  re¬ 
ducing  atmosphere.  The  heat  flux  output  of  the 
unit  is  approximately  180  Btu/ft2-sec  as  meas¬ 
ured  by  a  cold  wall  calorimeter.  Heat  flux  on 
the  specimen  is  regulated  by  varying  the  dis¬ 
tance  from  the  torch  unit  to  the  specimen.  The 
torch  assembly  is  therefore  mounted  on  a  dolly 
and  rails.  The  torch  assembly  can  also  be 
arranged  for  the  combustion  gases  to  impinge 
on  the  specimen  at  the  desired  re-entry  angle. 
Auxiliary  equipment  for  the  combustion  unit 
includes  manifolded  gas  supply  systems  with 
flowmeters  and  dual  stage  regulators  capable 
of  maintaining  a  constant  temperature  environ¬ 
ment  for  about  6  hours.  Electrical  valves  for 
instant  shut-down  of  the  unit  are  also  provided. 
Figure  2  shows  the  combustion  unit  controls. 

The  vibration  unit  in  the  combined  facility 
is  designed  around  a  water-cooled  electro - 
dynamic  exciter  rated  at  6000  pounds  of  force 
output.  The  exciter  is  mounted  to  a  sturdy 
steel  main  frame  with  four  leveling  screws  that 
permit  the  exciter  to  be  accurately  aligned  with 
the  specimen  drive  fixture.  The  drive  fixture 
itself  is  mounted  to  the  main  frame  on  four 
laminated,  beryllium-copper,  roll  flexures. 
These  flexures  permit  motion  in  the  horizontal 
direction  but  are  extremely  stiff  in  the  vertical 
direction  to  eliminate  an  overhanging  moment 
on  the  flexures  of  the  exciter's  armature.  Fig¬ 
ure  3  illustrates  the  drive  fixture  mounting. 

The  drive  fixture  was  fabricated  of  1/4- 
inch  stainless  steel  plate  and  is  basically  a 
cylinder  greatly  stiffened  internally  with  a. 
spoke  or  spider  type  of  construction.  Brackets 


Fig.  2  -  View  of  the  facility  showing 
combustion  unit  controls 


are  included  at  the  sides  of  the  cylinder  for  at¬ 
taching  the  roll  flexures  and  a  flange  is  located 
at  the  rear  for  mounting  to  the  exciter.  At  the 
specimen  end  of  the  fixture  a  water-cooled 
chamber  was  provided  primarily  to  keep  the 
specimen  mounting  bolts  cool  enough  to  hold  the 
specimen  reliably  and  also  to  prevent  any  seri¬ 
ous  heat  conduction  back  to  the  exciter.  Blind 
access  tubes,  just  large  enough  for  a  socket 
wrench,  were  provided  through  the  cooling 
chamber  to  permit  mounting  the  specimen.  A 
large  flat  tube  was  also  provided  to  bring  out  a 
group  of  specimen  thermocouple  leads  and  pres¬ 
sure  tubes.  The  specimen  mounting  face  on  the 
fixture  had  to  be  carefully  machined  to  receive 
the  specimen.  Subsequent  tests  require  inspection 
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Fig.  3  -  Drive  fixture  shown  mounted  to 
frame  on  beryllium- copper  roll  flexures 


Fig.  4  -  Circular  primary  heat  shield 
mounted  on  the  square  secondary  heat 
shield 


and  re -machining  to  avoid  specimen  chatter 
from  the  imposed  vibration  environments. 

The  exciter  unit  was  protected  generally 
from  the  combustion  unit  by  a  broad  steel  plate. 
The  real  problem,  however,  lay  in  absorbing 
and  dissipating  the  entire  heat  output  of  the 
combustion  unit  within  less  than  a  foot  of  the 
torch  nozzles.  This  was  accomplished  by  em¬ 
ploying  a  primary  heat  shield,  or  heat  sink, 
contoured  to  the  mold  line  of  the  test  specimen. 
This  shield,  which  receives  the  torch  blow-by 
directly  off  the  specimen,  is  a  high  capacity  unit 
constructed  of  copper  plate  and  tubes  and  is 
manifolded  at  top  and  bottom  for  symmetrical 
single  pass  flow.  This  primary  shield  is 
mounted  to  a  larger  secondary  shield  which  is 
also  water  cooled  and  of  copper  plate  and  tube 
construction.  The  secondary  shield  is  in  turn 
mounted  to  the  broad  steel  plate  covering  the 
entire  frame.  Figure  4  shows  the  heat  shield 
arrangement.  Insulation  blankets  and  sheet  in¬ 
sulation  collars  are  used  behind  the  secondary 
shield  as  additional  protection  and  as  seals 
around  the  drive  fixture.  The  drive  fixture, 
primary  heat  shield,  and  secondary  heat  shield 
each  have  their  own  cooling  water  supply  in 
addition  to  that  required  for  the  exciter  and  for 
the  combustion  unit. 

The  electro -dynamic  exciter  is  controlled 
by  a  water-cooled  accelerometer  mounted  at 
the  specimen  end  of  the  drive  fixture  and  is 
backed  up  by  another  accelerometer  in  the  ex¬ 
citer  mounting  head.  An  automatic  programmer 
permits  a  continuous  logarithmic  sweep  of  five 


different  levels  of  any  combination  of  displace¬ 
ment  and  acceleration  within  the  exciter  capa¬ 
bilities.  Random  excitation  can  also  be  provided. 


PROCEDURE 

In  the  test  procedure,  a  checkout  of  the 
vibration  unit  is  first  conducted  with  a  dummy 
specimen.  The  drive  fixture  is  then  dismounted, 
the  test  specimen  is  installed,  and  the  drive 
fixture  is  remounted  with  the  test  specimen. 
Specimen  flight  thermocouple  leads  are  next 
connected  to  automatic  recording  oscillographs. 
(Pressure  leads  were  neglected  in  this  series 
of  tests.)  The  vibration  and  combustion  units 
are  positioned  to  give  the  desired  re -entry  angle 
siniulation.  A  refractory  brick  shroud  is  then 
constructed  around  the  specimen  to  minimize 
heat  losses  and  provide  protection  against  air 
gusts.  Figure  5  shows  the  shroud  during  a  test 
at  about  4000  °F.  Surface  temperatures  on  the 
specimen  are  monitored  by  an  optical  pyrom¬ 
eter.  Temperature  levels  and  heating  rates  are 
controlled  by  manually  varying  the  torch  to 
specimen  distance.  When  the  required  test 
temperatures  are  reached  and  stabilized,  the 
specimen  is  subjected  to  the  appropriate  vibra¬ 
tion  spectrum.  Pyrometer  observations  of  the 
specimen  surface  temperature  are  periodically 
recorded  and  significant  changes  in  the  speci¬ 
men  are  noted  as  they  appear.  The  actual 
vibration  environment  applied,  as  seen  by  the 
forward  accelerometer,  is  plotted  automatically 
during  the  test.  Figure  6  shows  an  overall  view 
of  the  test  facility  in  operation. 


139 


Fig.  5  -  The  refractory  brick  shroud  minimizes 
heat  losses  in  approaching  higher  temperatures 


Fig.  6  -  Overall  view  of  the  test 
facility  in  operation 


CONCLUSIONS 

There  are  certain  areas  of  refinement  that 
can  be  made  in  the  technique  and  in  the  facility. 
It  would  be  very  desirable  to  have  powered 
rather  than  manual  control  over  the  heat  flux, 
and  this  refinement  is  in  the  design  stage.  This 
would  permit  much  better  simulation  of  the 
time -temperature  profile.  A  new  singular  heat 


source  capable  of  much  higher  test  temperatures 
is  already  under  construction.  Better  simula¬ 
tion  of  the  vibration  aspect  of  the  re-entry  en¬ 
vironment  of  course  has  to  wait  on  actual  flight 
data  for  a  given  design.  To  reduce  setup  time 
mechanical  refinements  for  simpler  mounting 
and  dismounting  of  the  test  specimens  would  be 
very  desirable. 


* 
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COMBINING  INDUCTION  HEATERS  WITH  EXISTING 
ENVIRONMENTAL  FACILITIES  TO  CONDUCT 
TESTS  AT  RE-ENTRY  TEMPERATURES 


C.  D.  Robbins  and  E.  L.  Mulcahy 
LTV  Military  Electronics  Division 
Dallas,  Texas 


Amplifiers  designed  to  drive  electrodynamic  vibration  exciters  can  be 
used  to  power  induction  heaters.  This  paper  will  present  both  history 
and  theory  of  operation  of  the  induction  heater.  Design  parameters  of 
efficiency,  skin  effect,  hysteresis,  temperature  gradients,  insulation, 
and  safety  will  be  briefly  discussed.  Details  will  be  presented  on  sus¬ 
ceptor  technique,  induction  coil  design,  utilization  of  existing  amplifiers 
to  excite  the  coil,  and  illustrations  of  actual  tests. 


INTRODUCTION 

During  the  course  of  high  temperature 
materials  development  work  at  Ling-Temco- 
Vought,  it  became  necessary  to  carry  out  en¬ 
vironmental  tests  of  various  materials  to  verify 
their  reliability  under  severe  operating  condi¬ 
tions  for  which  they  were  designed  to  operate. 

Of  particular  interest  was  the  combined  vibra¬ 
tion  and  temperature  environment  encountered 
during  re-entry  of  a  space  vehicle.  Heat 
shields  and  leading  edges  of  such  vehicles  are 
exposed  to  severe  vibration  and  temperatures 
in  excess  of  3000°F.  Heretofore  these  two  en¬ 
vironmental  conditions  have  been  simulated 
separately  with  no  attempt  to  combine  them. 

The  advantage  of  such  a  test  facility  is  that 
conditions  similar  to  those  occurring  during 
vehicle  flight  can  be  duplicated  in  the  laboratory. 

The  initial  effort  to  build  such  a  facility 
was  tailored  to  the  requirements  for  testing  a 
particular  nose  cone.  An  induction  furnace  was 
combined  with  an  electrodynamic  vibration  ex¬ 
citer  to  provide  the  desired  environment.  Sub¬ 
sequent  tests  of  the  system  have  proved  it  to  be 
adaptable  to  a  wide  range  of  transient  re-entry 
temperature  and  vibration  conditions.  The  work 
was  accomplished  by  Military  Electronics  and 
Astronautics  Divisions  of  Ling-Temco-Vought, 
Inc.,  Dallas,  Texas. 


DESIGN  REQUIREMENTS 

The  furnace  was  designed  to  heat  a  100- 
pound  ceramic  nose  cone  to  a  maximum  tem¬ 
perature  of  3600 °F,  create  specified  tempera¬ 
ture  gradients,  and  be  located  so  that  vibration 
could  be  applied  in  one  axis  only— perpendicular 
to  the  principle  axis  of  the  nose  cone.  The 
time-temperature  and  time -vibration  level  pro¬ 
files  are  shown  in  Fig.  1.  The  temperature 
shown  in  Fig.  1  is  for  the  stagnation  area  on 
the  nose  cone  as  shown  in  Fig.  2.  The  time- 
temperature  profile  for  other  locations  noted 
in  Fig.  2  are  shown  in  Fig.  3. 

These  temperature  and  vibration  profiles 
were  established  from  analyses  of  the  proposed 
flight  for  the  nose  cone  during  re-entry.  It 
should  be  noted  that  the  test  conditions  are 
transient  and  the  time -temperature  profiles  for 
the  nose  cone  show  a  cooling  condition  while 
undergoing  vibration,  i.e.,  the  nose  cone  has 
passed  the  maximum  temperature  level  before 
being  subjected  to  vibration. 


SELECTION  OF  HEATING  METHOD 

In  the  early  design  stages  of  the  re-entry 
test  facility  the  furnace  types  considered  were 
resistance,  gas,  and  induction.  Previously,  a 
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Fig.  2  -  Nose  Cone-Fixture  Assembly.  The  outside  cone  surface  is  a 
layer  of  zirconia  tile  attached  to  a  graphite  inner  shell  by  zirconia 
pins.  The  graphite  holder  is  bolted  to  a  molybdenum  ring  below  which 
is  bolted  to  the  fixture.  Water  is  circulated  through  center  portion  of 
fixture  and  tubing  welded  to  base  plate  which  also  served  as  slip  plate. 
Endevco  2206  water  cooled  accelerometers  monitored  vibration. 
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Fig.  3  -  Temperature  Profiles.  Temperature  versus  time 
for  the  locations  shown  in  Fig.  2. 


propane  furnace  had  been  developed  and  success¬ 
fully  used  for  conducting  re-entry  tests  on  nose 
cones.1  Primary  limitations  of  this  type  fur¬ 
nace  were  the  complex  thermal  shielding  re¬ 
quired  to  protect  the  vibration  equipment,  lack 
of  precise  temperature  control,  and  difficulties 
in  creating  the  required  temperature  gradients. 
Resistance  furnaces  were  ruled  out  because  of 
the  oxidation  problem  of  heating  elements  at 
temperatures  in  excess  of  3000°F  unless  an 
inert  atmosphere  was  maintained  in  the  furnace. 
The  induction  heating  technique  was  chosen  be¬ 
cause  the  required  temperature  of  3600 °F  could 
be  obtained  and  suitable  power  supplies  already 
existed  in  the  Test  Laboratories  in  the  form  of 
variable  frequency  power  amplifiers  designed 
to  drive  electrodynamic  vibration  exciters. 

Thus  the  cost  for  adding  a  high  temperature 
furnace  to  the  existing  vibration  equipment  was 
that  required  to  build  the  induction  susceptor, 
coil  and  support  structure  and  purchase  rela¬ 
tively  inexpensive  electrical  equipment  to  match 
the  induction  coil  to  an  amplifier. 


C.  F.  Hanes,  "A  Technique  for  Performing  Vi¬ 
bration  Tests  at  High  Temperatures  in  Excess 
of  3500°F,"  Shock,  Vibration  and  Associated 
Environments  Bulletin  No.  33,  Part  III  (March, 
1964),  p.  153. 


INDUCTION  HEATER  DESIGN 
Susceptor 

To  heat  the  ceramic  nose  cone  a  susceptor 
was  required  since  the  nose  cone  material,  be¬ 
ing  electrically  nonconductive,  could  not  be 
heated  directly.  The  susceptor  technique  allows 
a  conducting  material  to  be  heated  inductively 
while  it  in  turn  radiates  energy  to  the  test  arti¬ 
cle.  A  large  number  of  conducting  materials 
may  be  heated  inductively;  the  conditions  of  the 
test  dictate  which  material  will  be  most  suit¬ 
able.  In  this  case  the  material  was  required  to 
withstand  an  operating  temperature  of  3600  °F  in 
an  oxidizing  atmosphere.  Graphite  proved  to  be 
the  best  available  material.  It  is  relatively  in¬ 
expensive  and  can  be  machined  easily  to  the  re¬ 
quired  shape.  A  cross  sectional  view  of  the 
susceptor  and  induction  coil  is  shown  in  Fig.  4. 
It  was  positioned  so  that  approximately  1  inch 
of  clearance  existed  between  the  susceptor  and 
nose  cone.  The  contour  of  the  inside  surface  of 
the  susceptor  was  the  same  as  the  nose  cone. 

Oxidation  resistance  coatings  are  available 
which  will  protect  graphite  to  approximately 
3000°F.  At  a  temperature  of  3600°F  oxidation 
is  a  problem:  however,  in  this  particular 
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Fig.  4  -  Furnace  Assembly.  Inside  susceptor 
surface  contour  was  that  of  the  nose  cone. 
Graphite  thickness  was  greater  at  the  top  be¬ 
cause  a  cylindrically  shaped  coil  is  more  ef¬ 
ficient  than  one  conically  shaped.  The  glass - 
rock  reduced  the  heat  loss  between  furnace 
and  fixture.  Ray-o-tubes  were  aligned  with 
susceptor  holes  for  temperature  monitor. 


application  the  rate  of  oxidation  was  such  that 
the  operational  life  of  the  susceptor  was  greater 
than  the  time  required  to  accomplish  all  cali¬ 
brations  and  tests.  Therefore,  no  coating  was 
applied,  however,  the  layer  of  zirconia  insulat¬ 
ing  paste  applied  to  the  exterior  surface  pro¬ 
vided  some  oxidation  protection. 

Frequency  Selection 

After  choosing  the  susceptor  material  an 
operating  frequency  of  3000  cps  was  selected. 
This  frequency  readily  lends  itself  to  heating 
minimum  wall  thicknesses  of  approximately 
1  inch.  Operation  at  a  lower  frequency  would 
have  required  thicker  susceptor  walls,  thereby 
adding  excessive  mass  to  the  system  and  caus¬ 
ing  a  longer  response  time.  In  addition,  this 
frequency  was  compatible  with  the  capability  of 
the  Ling  PP 175/240  power  amplifier  which  was 
available  in  the  Testing  Laboratories.  Also, 
electrical  equipment  rated  at  3000  cps  was 
readily  available  for  tuning  the  induction  coil 
to  the  amplifier. 

Coil  Design 

The  coil  consisted  of  15  turns  of  5/8 -inch 
copper  tubing  which  was  shaped  around  the 


susceptor  as  shown  in  Fig.  4.  The  coil  was 
held  in  place  on  the  susceptor  by  clamps  made 
of  asbestos  board  to  prevent  coil  movement 
when  power  was  applied.  The  coil  was  water 
cooled. 


Temperature  Gradients 

The  induction  coil  was  designed  to  create 
the  temperature  gradients  on  the  nose  cone 
specified  in  Fig.  2.  The  coil  windings  were 
concentrated  in  the  areas  where  the  higher 
temperatures  were  required  so  that  greater 
power  density  was  induced  in  that  area.  The 
surface  temperature  at  any  particular  area  on 
the  nose  cone  was  predominately  influenced  by 
the  temperature  of  the  corresponding  area  on 
the  susceptor. 

Tuning  Circuit 

It  was  necessary  to  tune  the  furnace  coil  to 
the  power  amplifier.  First,  the  coil  was  tuned 
by  adding  capacitors  in  parallel  so  that  the 
lagging  power  factor  of  the  coil  could  be  cor¬ 
rected.  Then  an  auto -transformer  was  selected 
to  provide  the  correct  voltage  and  current  re¬ 
quired  at  the  furnace. 
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Furnace  Support  Structure 

In  order  to  meet  the  required  test  condi¬ 
tions,  controlled  cooling  of  the  nose  cone  after 
it  was  heated  to  the  maximum  temperature  was 
provided  by  making  the  furnace  movable  in  a 
vertical  direction,  i.e.,  it  could  be  gradually 
raised,  allowing  the  nose  cone  temperature  to 
follow  the  required  profile.  The  lower  portion 
of  the  structure  contained  the  capacitors  and 
auto -transformer.  To  the  lower  structure  was 
attached  a  frame-work  which  extended  up  and 
over  the  vibration  slip  table.  The  framework 
had  vertical  guide  rails  in  which  the  furnace 
carriage  could  be  moved  by  an  overhead  hoist. 


Furnace  Temperature  Control 

Temperature  control  of  the  furnace  was 
accomplished  manually  by  the  standard  master 
gain  potentiometer  on  the  power  amplifier  con¬ 
trol  console. 


INSTRUMENTATION 


The  nose  cone  and  susceptor  were  instru¬ 
mented  with  high  temperature  thermocouples, 
where  operating  conditions  made  it  possible. 
Optical  temperature  measuring  devices,  such 
as  Ray-o-tubes  and  Shawmeters,  were  used 
elsewhere.  Instruments  were  connected  to  strip 
chart  recorders  for  continuous  recording  of 
temperature. 


VIBRATION  FIXTURE 

In  order  to  carry  out  vibration  tests  on  the 
nose  cone  while  it  was  being  subjected  to  the 
re-entry  time -temperature  profile,  a  special 
water-cooled  fixture  was  designed  and  built  as 
shown  in  Fig.  2.  The  center  portion,  which  was 
welded  to  the  base,  was  in  the  form  of  a^pipe 
with  1-inch  wall  thickness.  Water  was  circu¬ 
lated  through  the  fixture.  The  bottom  of  the 
24  x  24  x  2  inch  base  plate  was  finished  for  use 
directly  on  a  slip  table.  Water  was  circulated 
through  tubing  welded  to  the  base  plate  for  ad¬ 
ditional  cooling.  The  nose  cone  was  bolted  to 
the  fixture.  A  drive  link  connected  the  vibra¬ 
tion  exciter  to  the  center  of  gravity  of  the  fix¬ 
ture  and  nose  cone.  High  temperature,  water 
cooled  accelerometers  were  mounted  on  the 
fixture  for  vibration  control  and  data  acquisition. 


These  accelerometers  were  calibrated  to  1850°  F 
preceding  the  test.2 


TEST  PROCEDURE 

Since  vibration  was  applied  during  the  time 
the  nose  cone  was  cooling,  only  one  amplifier 
was  required.  The  procedure  for  testing  the 
nose  cap  was  to  connect  the  induction  heater  to 
a  Ling  PP 17 5/240  power  amplifier  and  heat  the 
nose  cone  to  the  conditions  indicated  at  t  =  0  on 
Fig.  3.  This  required  90  minutes  with  a  peak 
power  demand  of  approximately  70  kw.  Then 
the  amplifier  was  switched  to  a  Ling  L-200  vi¬ 
bration  exciter  and  the  vibration  test  was  ini¬ 
tiated.  The  nose  cone  temperature  was  con¬ 
trolled  by  gradually  raising  the  furnace  while 
the  required  vibration  level  was  programmed 
to  the  nose  cone  fixture.  Temperature  and  vi¬ 
bration  data  recorded  throughout  the  test  were 
analyzed  later  for  verification  that  the  test  re¬ 
quirements  had  been  satisfied. 


REVIEW  ON  INDUCTION  HEATING 

Induction  heating  has  been  used  widely  as  a 
production  tool  for  many  years  but  now  is  be¬ 
coming  a  tool  for  satisfying  some  of  the  complex 
heating  requirements  associated  with  today’s 
advanced  materials  research  programs.  Its 
main  advantages  include  fast  heating  rates, 
high  power  densities,  and  accurate  temperature 
control.  Induction  heating  takes  advantage  of 
the  phenomena  called  skin -effect  and  electro¬ 
magnetic  induction.  Skin-effect  is  a  term  de¬ 
scribing  the  current  concentration  near  the  sur¬ 
face  of  a  conductor  when  a  rapidly  alternating 
current  flows  in  the  conductor.  Electromagnetic 
induction,  discovered  by  Michael  Faraday,  is  an 
effect  produced  by  varying  a  magnetic  field  in 
an  electrical  conductor  (susceptor).  This  ef¬ 
fect  in  turn  produces  a  current  in  the  conductor. 
The  result  is  a  method  for  heating  an  object  by 
using  the  object  as  its  own  heat  source.  Fur¬ 
thermore,  the  method  requires  no  physical  con¬ 
tact  or  heat  transfer  by  radiation,  conduction, 
or  convection  between  the  object  and  the  energy 
source.3 


2W.  R.  Taylor  and  C.  D.  Robbins,  "Calibration 
of  Water  Cooled  High  Temperature  Accelero¬ 
meters,"  Shock,  Vibration  and  Associated  En¬ 
vironments  Bulletin  No.  33,  Part  III  (March, 
1964),  p.  19. 

3P.  G.  Simpson,  Induction  Heating  (McGraw- 
Hill  Book  Co.,  New  York,  I960). 
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Power  Supplies 

Most  induction  heating  applications  require 
a  power  supply  with  a  frequency  between  60  and 
450,000  cps.  For  low  frequency  the  skin-effect 
is  less  pronounced  and  is  used  primarily  for 
through  heating  of  large  objects  such  as  billets. 
Frequencies  near  450,000  cps  generally  have 
been  used  for  surface  heat  treating  of  metals 
because  the  skin-effect  is  greatly  pronounced, 
causing  the  heat  to  be  generated  near  the  sur¬ 
face.  Frequencies  from  1000  to  10,000  cps  are 
widely  used  for  induction  furnaces.  Frequency 
converters  are  used  when  a  frequency  other 
than  the  supply  frequency  is  required.  Motor - 
generators  are  the  usual  means  of  frequency 
conversion  from  1000  to  10,000  cps  while  oscil¬ 
lator  circuits  are  used  for  frequencies  to 
450,000  cps.  The  choice  of  frequency  depends 
on  available  power  supplies,  susceptor  size  and 
material,  power  density  requirement,  degree  of 
skin-effect  required,  and  heating  efficiency. 


Heating  Effects  on  Material 

The  characteristics  of  a  material  such  as 
electrical  and  thermal  conductivity,  specific 
heat,  emissivity,  resistivity,  and  permeability 
play  a  large  part  in  induction  heating.  A  mate¬ 
rial  must  be  a  conductor  or  semi-conductor  to 
be  inductively  heated  with  standard  frequencies. 
The  degree  of  skin-effect  or  current  depth  is  a 
function  of  frequency,  resistivity,  and  perme¬ 
ability.  Thermal  conductivity  and  resistivity 
play  a  large  part  in  the  establishment  of  tem¬ 
perature  gradients.  Thermal  conductivity  of 
the  material  also  determines  the  power 
requirement. 


Susceptor  Technique 

When  the  specimen  cannot  be  heated  di¬ 
rectly  by  induction,  a  technique  often  is  used  in 
which  a  susceptor  is  employed  to  provide  in¬ 
direct  heating  to  the  specimen.  The  susceptor, 
which  is  heated  inductively,  heats  the  specimen 
by  radiation,  conduction,  and  convection.  A 
susceptor  is  chosen  which  is  compatible  with 
the  required  environment  and  specimen.  It 
usually  is  shaped  around  the  specimen  with 
thickness  dependent  upon  the  current  depth 
penetration.  The  susceptor  also  must  have  a 
continuity  path  parallel  to  the  induction  coil.  If 
a  crack  develops  across  this  path,  the  susceptor 
is  rendered  useless. 

Oxidation  often  becomes  a  severe  problem 
when  high  temperatures  are  involved.  Inert 
atmospheres  can  be  introduced  to  some  tests  in 


order  to  avoid  oxidation.  Coatings  are  available 
for  many  materials  which  will  inhibit  oxidation 
for  extended  periods  at  temperatures  as  high  as 
3000  °F.  For  example,  graphite  and  molybdenum 
can  be  coated  effectively  with  silicon  carbide 
and  molybdenumsilicide,  respectively. 


Coil  Design 

After  the  characteristics  of  the  power 
source  and  susceptor  have  been  determined,  the 
induction  coil  can  be  designed.  The  coil  must 
be  matched  to  both  the  power  source  and  load. 
The  number  of  turns  can  be  calculated  or  in 
many  cases,  since  coil  is  very  inexpensive,  de¬ 
termined  by  trial  and  error.  When  the  power 
source  has  a  fixed  frequency  and  power  output, 
tuning  capacitors  and  a  matching  transformer 
may  be  required. 

The  coil  is  usually  made  from  water-cooled 
copper  tubing  which  is  shaped  around  the  sus¬ 
ceptor  in  a  fashion  which  gives  the  desired 
heating  effects.  Factors  to  be  considered  are 
susceptor  size,  shape  and  material,  power  den¬ 
sity,  temperature  gradients,  coupling  efficiency, 
voltage  breakdown,  and  cooling  requirements. 
Literature  is  readily  available  on  the  above 
named  parameters  for  calculating  the  coil 
design. 


CONCLUSION 

It  has  been  shown  that  the  requirements  of 
a  power  source  for  an  induction  furnace  are 
that  it  have  suitable  frequency  and  power  out¬ 
put.  Most  environmental  laboratories  are 
equipped  with  a  variety  of  power  amplifiers  de¬ 
signed  to  drive  electrodynamic  vibration  exci¬ 
ters.  These  same  amplifiers  also  are  suitable 
for  powering  induction  furnaces.  Temperatures 
as  high  as  5000 °F  are  possible  with  much  less 
cost  than  may  be  realized.  For  some  tests, 
induction  heating  has  many  advantages  over 
other  heating  methods.  The  coil,  and  even  the 
susceptor  in  most  cases,  can  be  designed  and 
fabricated  by  laboratory  personnel.  The  coil  is 
very  inexpensive  and  can  be  made  into  a  variety 
of  shapes.  The  most  expensive  items  will  be  the 
tuning  capacitors  and  matching  transformer. 

For  many  heating  requirements,  however,  the 
amplifier  may  have  such  a  surplus  of  power 
that  little  attention  has  to  be  given  to  the  effi¬ 
ciency  of  the  system.  The  furnace  can  be  con¬ 
trolled  by  the  existing  amplifier  console. 

All  tests  performed  in  the  LTV  Testing 
Laboratories  utilizing  the  methods  outlined 
above  have  been  very  successful. 
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DISCUSSION 


Mr,  Bieniecki  (McDonnell):  What  is  the  degrees.  At  that  temperature  the  particular 

upper  limit  of  this  system  in  temperature  ?  susceptor  which  we  have  wouldn’t  last  very 

long. 

Mr,  Robbins:  We  feel  that  with  this  par¬ 
ticular  setup  we  can  go  up  to  five  thousand 

*  *  * 
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THE  NEL  EXPERIMENTAL  VIBRATION  TEST 
STAND  FOR  USE  IN  CHAMBERS* 


A.  A.  Arnold 

U.  S.  Navy  Electronics  Laboratory 


INTRODUCTION 

The  NEL  experimental  vibration  test  stand 
for  use  in  environmental  chambers  was  designed 
to  provide  reliability  engineers  with  a  simple 
and  relatively  inexpensive  test  facility  which 
will  enable  them  to  investigate  the  effects  of 
combined  environments  on  equipment  failure- 
rates.  It  provides  for  the  type  of  vibration 
designated  for  "AGREE"  testing  except  that  it 
goes  beyond  the  nominal  levels  of  the  "AGREE" 
tests  by  allowing  for  variable  accelerations  up 
to  5.00  g  (in  the  20-  to  33-cps  range)  combined 
with  temperatures  from  minus  65°  to  plus 
200 °F  at  relative  humidities  ranging  up  to  95 
percent. 

The  test  stand  described  herein  was  in¬ 
tended  to  be  used  in  the  vibration  testing  of  two 
or  more  small  electronic  equipments  such  as 
small  radio  transmitters,  receivers,  and  the 
like,  simultaneously,  while  the  equipments  are 
experiencing  extremes  of  temperature  and 
humidity.  It  can  also  be  used  in  testing  sub- 
assemblies  and  component  parts  as  well  as 
various  mechanical  devices;  utilizing  one  or 
both  tables  of  the  test  stand. 


GENERAL  DESCRIPTION 

The  test  stand  is  a  portable  (reaction -type) 
vibration  machine  which  can  easily  mount  into 
most  any  environmental  chamber  that  has  a 
substantial  inner  floor  which  will  support  600 
pounds  or  more  of  dead  weight  (the  need  for  a 
massive  foundation  is  not  required  for  mounting 
a  small  reaction-type  vibration  machine).  The 
inside  dimensions  of  the  chamber  should  be 
approximately  36  x  36  x  36  inches.  The  vibra¬ 
tion  generator  is  driven  with  an  external  drive 
motor  (1/2  hp,  "THY-MO-TROL"  controlled) 
by  way  of  a  flexible  drive  shaft  and  a  sealed 
bearing  assembly  through  the  side  wall  of  the 


chamber.  This  particular  motor  and  control 
was  readily  available  and  was  the  method  used 
for  varying  the  frequency  of  vibration  and  ac¬ 
celerations.  Almost  any  type  of  variable  speed 
drive  could  be  used. 

The  test  stand  has  two  24-  x  24 -inch  tables 
(stacked  one  above  the  other,  see  Fig.  1)  and 
weighs  approximately  150  pounds  (including  the 
vibration  generator,  but  excluding  the  chamber 
adapter  plate  and  suspension  system).  It  can 
easily  be  removed  from  the  chamber  by  unfas¬ 
tening  four  suspension  bolts  and  uncoupling  the 
drive  shaft  by  means  of  two  set  screws. 

The  main  table,  Fig.  2,  of  the  vibration 
machine  is  suspended  on  four,  low  frequency, 
all  metal  vibration  isolation  mounts.  The  vi¬ 
bration  generator  which  is  an  integral  part  of 
the  main  table  has  two  flywheels  (one  at  each 
end  of  a  common  shaft).  Eccentric  weights  are 
affixed  to  each  flywheel  and  the  amount  of  vi¬ 
bration  amplitude,  for  any  particular  load,  is 
controlled  by  varying  the  mass  of  eccentric 
weights.  The  correct  amount  of  eccentric  mass 
required  for  any  desired  amount  of  vibration 
amplitude  can  almost  always  be  obtained  by 
selecting  the  right  combination  of  weights  from 
the  ten  pairs  of  weights  that  are  furnished  with 
the  machine.  This  process  requires  a  few 
simple  calculations;  however,  for  most  reliabil¬ 
ity  testing,  there  is  seldom  any  need  to  change 
the  weights.  One  of  the  inherent  features  of  the 
reaction-type  vibration  machine  is  that  any 
preset  amplitude  of  vibration  remains  practi¬ 
cally  constant  throughout  the  useful  frequency 
range.  This  may  or  may  not  be  a  desirable 
feature  (depending  on  the  type  of  testing  to  be 
done)  but  it  does  permit  varying  the  accelera¬ 
tion  level  without  changing  the  eccentric  weights. 

In  order  to  restrain  the  movement  of  the 
vibration  machine  within  the  chamber,  the 
chamber  adapter  plate  is  equipped  with  four 


#This  paper  was  not  presented  at  the  Symposium 
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Fig.  1  -  NEL  experimental  vibration  machine  in 
chamber  with  top  table  in  use 


hand-tightened  spreader  jacks  (with  silicone 
rubber  pads)  which  bear  against  the  inner  walls 
of  the  chamber.  In  addition,  the  chamber 
adapter  plate  is  mounted  on  silicone  rubber 
pads. 


PERFORMANCE 

Because  of  the  planned  simplicity  of  this 
vibration  test  stand,  the  resultant  forces  are 
not  linear  and  are  not  intended  to  meet  the  re¬ 
quirements  of  MIL- STD -167;  however,  the 
forces  do  produce  the  type  of  vibration  recom¬ 
mended  by  the  Advisory  Group  on  the  Reliability 
of  Electronic  Equipment  (AGREE).  The  equip¬ 
ment  has  been  tested  with  dummy  loads,  and 
preliminary  results  indicate  that  the  test  stand 
should  be  satisfactory  for  its  intended  use. 

The  functional  characteristics  of  the  test 
stand  are  as  follows: 

1.  The  machine  is  capable  of  vibrating  a 
350-pound  test  load  at  1.00-g  or,  at  a  maximum 
of  5.00-g  acceleration  (in  the  20-  to  33-cps 


range),  the  machine  will  vibrate  a  70-pound 
test  load. 

2.  The  direction  of  vibration  is  predomi¬ 
nately  in  the  vertical  axis  with  a  small  horizon¬ 
tal  component  in  the  front-to-back  axis,  which 
is  due  to  a  slight  rocking  motion  of  the  table. 

3.  The  amplitude  of  vibration  (vertical)  is 
adjustable  from  0  to  0.090  inch  (double  ampli¬ 
tude),  measured  at  the  center  of  the  table. 

4.  The  frequency  of  vibration  can  be  varied 
from  8  to  33  cps  (shipboard  range). 

5.  Vibration  of  equipments  at  temperature 
extremes  of  from  minus  65°  to  plus  200  °F  with 
relative  humidities  ranging  up  to  95  percent  are 
within  the  capabilities  of  the  test  stand. 

CONCLUSIONS 

The  test  stand  may  be  considered  as  a 
simple  vibration  machine  which  could  be  adapted 
to  existing  environmental  chambers  without  too 
much  expense. 
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Fig.  2  -  NEL  experimental  vibration  machine  in 
chamber  with  top  table  removed 


As  stated  in  the  Introduction,  the  test  stand 
was  designed  to  provide  reliability  engineers 
with  a  simple  test  facility  for  use  in  investigat¬ 
ing  equipment  failure  rates.  An  eventual  end- 
product  of  this  investigation  could  be  the 
reduction  of  reliability  testing  time,  by  accel¬ 
erating  equipment  failure -rates  utilizing 

*  * 


relatively  high  g  levels  of  vibration  combined 
with  extremes  of  temperature  and  humidity.  Of 
course,  there  will  have  to  be  a  definite  correla¬ 
tion  between  the  present  long-term  reliability 
testing  and  the  reduced-time  testing  in  order 
to  prove  the  validity  of  a  short-term  reliability 
test. 

* 
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A  TECHNIQUE  FOR  PERFORMING  VIBRATION  TESTS 
AT  HIGH  TEMPERATURE  IN  EXCESS  OF  3500°F 


C.  F.  Hanes  and  R.  W.  Fodge 
LTV  Military  Electronics 


This  paper  presents  the  application  of  a  propane  fueled  furnace  as  a 
heat  source  in  conducting  high  temperature  vibration  tests.  The  methods 
of  applying  heat  to  a  test  article  while  conducting  random  vibration  tests 
are  discussed  as  well  as  instrumentation  and  cooling  problems. 


INTRODUCTION 

Subjection  of  missile  and  aircraft  compo¬ 
nents  to  controlled  vibration  at  ambient  tem¬ 
peratures  has  presented  many  problems  to  the 
testing  industry.  More  advance  designs  and 
increased  performance  characteristics  re¬ 
quired  of  aircraft  and  missiles  have  increased 
the  problems  of  testing  these  components.  Our 
problem  at  LTV  was  to  simulate  the  vibration 
and  temperature  environment  that  a  missile 
nose  cap  would  encounter  during  re-entry.  The 
conditions  to  be  applied  were  3-g  rms  random 
vibration,  in  one  direction  only,  while  a  speci¬ 
fied  test  article  temperature  profile  was  main¬ 
tained  from  ambient  to  a  maximum  of  3640 °F. 


TEST  SPECIMEN 

The  test  specimen  provided  was  a  center 
section  of  a  re-entry  nose  cap  consisting  of  a 
circular  curved  surface  about  10  inches  in 
diameter,  and  composed  of  individual  tile  made 
of  Zirco'nia  and  reinforced  with  Iridium  wire. 
The  tile  were  held  in  place  by  pins  made  of 
Zirconia  and  at  ambient  temperature  each  tile 
was  loose  to  allow  for  expansion  at  high  tem¬ 
perature.  Figure  1  shows  the  test  article 
mounted  on  the  vibration  fixture  prior  to  test¬ 
ing.  The  tile  are  held  to  a  graphite  base  by 
pins,  and  the  graphite  base  is  then  clamped 
securely  to  the  test  fixture. 


VIBRATION  FIXTURE 

In  order  to  conduct  the  required  tests  the 
vibration  fixture,  as  shown  in  Figs.  2  and  3, 
was  designed  with  the  following  features:  (1) 


Fig.  1  -  Test  article  in  place 
prior  to  test 


provides  a  sturdy  mounting  platform  for  the 
specimen;  (2)  withstands  high  temperature;  (3) 
allows  the  underside  of  the  specimen  to  be  ex¬ 
posed  for  mounting  and  instrumentation;  and  (4) 
affords  as  much  protection  to  the  shaker  as 
possible.  The  final  design  consisted  of  an  all- 
welded  chromium- molybdenum,  water-cooled, 
steel  structure,  weighing  285  pounds.  The  de¬ 
sign  was  such  that  the  flow  of  water  through  the 
fixture  was  not  picked  up  by  the  monitoring  ac¬ 
celerometers.  The  base  of  the  fixture  was  a 
plate  17  by  17  inches  square  and  2  inches  thick. 
Supporting  the  specimen  was  a  stanchion  welded 
to  the  base  plate  providing  mounting  of  the  spec¬ 
imen  such  that  vibration  could  be  applied  to  the 
vertical  axis,  as  defined  by  the  customer.  The 
fixture  was  designed  with  a  4 -inch -diameter 
opening  to  the  rear  of  the  specimen.  The  cooling 
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Fig.  2  -  Side  view  of  test  fixture  and  instrumentation  setup  for  fixture  evaluation 
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water  flow  was  in  at  the  bottom,  up  and  around 
the  center  opening,  out  the  top,  and  away  from 
the  fixture,  providing  cooling  for  the  fixture, 
accelerometers,  and  shaker  head.  In  addition, 
an  air  bleed  petcock  was  provided  in  order  that 
all  air  could  be  purged  from  the  system.  See 
Fig.  4. 


HEATING  SOURCE 

To  achieve  the  high  temperature  required, 
a  heating  source  capable  of  intense  heat  and 
fine  control  was  desired  so  that  the  temperature 
profile  of  Fig.  8  could  be  maintained.  A  plat¬ 
form  was  mounted  on  two  slides  and  connected 
to  a  Hydraulic  cylinder.  As  hydraulic  pressure 
was  applied,  the  slide  containing  the  heating 
source  was  moved  toward  or  away  from  the  test 
article,  as  necessary  to  maintain  the  prescribed 
temperature.  The  heating  elements  consisted 
of  seven  (2 -inch,  heating-type)  acetylene  torches 
equipped  to  burn  propane  instead  of  acetylene 
with  the  oxygen.  The  heating  torches  were  ar¬ 
ranged  in  a  circular  pattern  of  six  torches  and 
one  large  center  torch.  The  commercial  des¬ 
ignation  of  the  torch  tips  are  H4  for  the  six  out¬ 
side  tips  and  H5  for  the  center  tip.  Each  tip 
was  modified  by  adding  additional  holes  to  in¬ 
crease  the  heating  area.  To  keep  the  heat  con¬ 
centrated  and  also  to  cool  the  torches  a  4 -inch¬ 
wide,  10-inch-diameter,  stainless  steel, 
Zirconia- lined  ring  was  placed  around  the 
torches.  Air  flow  between  the  torches  and  the 
ring  provided  cooling  for  the  torches.  The 
number  of  torches  which  were  turned  on  and 
the  location  of  the  torches  in  relation  to  the 
specimen  were  governed  by  the  temperature 
required.  A  manifold  was  built  to  accommodate 
nine  oxygen  bottles  per  torch,  and  one  propane 


bottle  per  torch  except  the  H5  center  torch  which 
required  two  propane  bottles.  The  fuel  con¬ 
sumed  by  the  torches  in  conducting  these  tests, 
including  all  calibration  runs,  was  8  25-gallon 
propane  tanks  and  63  oxygen  bottles.  Total  cost 
of  all  fuel  consumed  was  $165. 


INSTRUMENTATION 

Temperature 

Fourteen  high -temperature  thermocouples 
were  used  to  record  the  temperature  at  desired 
points;  4  tungsten  thermocouples  were  placed 
behind  the  test  article,  and  10  chromel-alumcl 
thermocouples  were  used  to  monitor  other 
points.  In  addition  a  Shawmeter  (optical  tem¬ 
perature  measuring  device)  was  used  to  check 
temperature  at  different  places  on  the  specimen 
and  to  control  the  temperature  profile  above 
2300  °F.  All  thermocouples  were  continuously 
monitored  on  strip  chart  recorders.  All  testing 
was  conducted  at  night  so  that  the  Shawmeter 
would  not  read  sun  reflected  heat. 


Vibration 

For  monitoring  vibration  inputs,  Endevco 
2216  accelerometers  were  used  during  the  fix¬ 
ture  evaluation  to  determine  the  proper  location 
of  the  acceleration  control  monitor.  It  was  de¬ 
termined  that  the  most  suitable  location  of  the 
control  accelerometer  was  inside  the  fixture 
about  4  inches  behind  the  test  article.  Since 
this  location  was  considered  a  high  temperature 
area,  an  Endevco  2242  high  temperature  accel¬ 
erometer  (good  to  +500  °F)  was  selected  and  a 
heat  barrier  was  made  to  enclose  the  inside  of 


AIR  BLEED 


Fig.  4  -  Cross  sectional  view  of  the  vibration  fixture  showing 
direction  of  cooling  water  flow 
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the  fixture  near  the  test  article.  This  barrier 
was  made  from  a  Rene'  steel  material,  0.004 
inch  in  thickness  and  filled  with  micro -quartz. 
The  remaining  space  inside  the  fixture  was 
filled  with  micro-quartz  wrapped  in  aluminum 
foil.  For  added  protection  all  accelerometer 
cables  were  wrapped  with  Refrasil  tape.  Fig¬ 
ure  5  shows  the  accelerometer  leads  coming 
from  the  fixture. 


Fig.  5  -  Rear  view  test  fixture  showing 
water  table  fitting,  shaker  protection, 
and  Rene'  heat  barrier 


A  CEC  data  tape  and  Sanborn  recording 
equipment  using  log  audio  preamplifiers  were 
used  to  monitor  the  vibration  response.  For 
fixture  evaluation  a  Ling  L-200  exciter  system 
with  automatic  equalization  was  used  for  exci¬ 
tation  with  no  heating  of  the  test  article.  For 
the  actual  test,  an  A- 182  exciter  was  used  with 
Ling  PP175/240  power  amplifier  and  85  channel 
automatic  equalization  system.  Figure  2  shows 
the  overall  setup  for  fixture  evaluation  and 
Fig.  6  shows  the  overall  setup  for  the  high  tem¬ 
perature  test.  Sanborn  recorders,  CEC  data 
tape,  and  control  equipment  were  inside  the 
building. 


VIBRATION  EXCITER  PROTECTION 

Heat  deflected  from  the  test  article  onto 
the  exciter  had  to  be  removed  to  prevent  severe 
damage  to  the  shaker.  A  water  table  was  con¬ 
structed  to  fit  over  the  test  fixture  and  cover 
the  entire  A -182  shaker  top.  This  heat  barrier 
provided  a  continuous  flow  of  cooling  water 
carrying  off  excess  heat.  Figure  7  shows  the 
water  table  in  place.  Half  inch  marinite  board 
was  placed  over  the  water  table  and  in  front  of 
the  shaker  for  protection  when  the  torch  was 
first  ignited.  When  the  torch  is  at  maximum 
heating  position  (approximately  one  half  inch 
from  the  test  article)  the  surface  area  around 
the  fixture  becomes  a  blast  area  and  is  subjected 
to  extreme  temperatures.  To  prevent  damage 
to  the  fixture  and  the  water  table,  additional 
pieces  of  marinite  were  placed  around  the  fix¬ 
ture  and  painted  with  Zirconia  paste.  Refrasil 
cloth  was  placed  in  the  cracks  between  the  fix¬ 
ture  and  the  water  table. 


TEST  PROCEDURE 

One  high  temperature  thermocouple  was 
placed  on  the  center  tile.  All  torches  were 
ignited  and  the  test  article  heated.  The  torch 
position  was  maintained  to  produce  the  desired 
test  article  stagnation  temperature.  The  actual 
and  desired  temperature  versus  time  curves 
are  shown  in  Fig.  8.  The  thermocouple  on  the 
face  of  the  tile  was  used  to  control  the  torch 
from  ambient  temperature  until  it  melted  away 
at  approximately  2300  °F  after  which  the  Shaw- 
meter  was  used.  At  time  0  +  32.0  minutes  from 
ignition  of  the  torch  the  specimen  was  subjected 
to  0.61 -g  rms  random  vibration  for  15  minutes. 
From  time  0  +  47  minutes  to  time  0  +  65.5  min¬ 
utes  the  vibration  level  was  increased  to  1.37-g 
rms.  At  time  0  +  63.5  minutes  the  propane  torch 
was  turned  off.  The  test  article  was  allowed  to 
cool  at  ambient  conditions.  At  time  0  +  65.5 
minutes  the  vibration  level  was  increased  to 
3.0-g  rms.  At  time  0  +  78  minutes  all  vibration 
was  turned  off.  Each  accelerometer  output  was 
recorded  continuously  on  the  Sanborn  recorders 
and  the  CEC  data  tape  throughout  the  vibration 
test. 


CONCLUSION 

By  the  use  of  optical  temperature  measur¬ 
ing  equipment  and  high  temperature  thermo¬ 
couples  accurate  control  of  high  temperature 
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Fig.  7  -  Shaker  protection  in  place  and  torch  assembly 


heat  sources  can  be  maintained.  The  test  ar¬ 
ticle  temperature  maintained  during  this  test 
varied  no  more  than  6  percent  from  the  desired 
profile.  The  use  of  the  propane  fueled  furnace 
heating  system  is  safe,  economical,  and  easily 
controlled. 


Accelerometers  can  be  placed  in  close 
proximity  to  very  high  temperature  sources  and 
can  be  sufficiently  well  insulated  that  their  op¬ 
eration  will  not  be  degraded.  The  maximum 
temperature  recorded  in  the  area  with  the  ac¬ 
celerometers  was  475° F  with  a  test  article 
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Fig.  8  -  Temperature  profile 


temperature  of  3570 °F  less  than  6  inches 
away. 

By  using  the  water  filled  table  as  a  heat 
barrier,  vibration  can  be  conducted  while 


subjecting  test  articles  to  high  temperature. 
The  temperature  on  the  exciter  mounting  sur¬ 
face  did  not  exceed  80°F  during  the  application 
of  heat. 


*  *  * 
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Section  5 

VIBRATION  TEST  SPECIFICATION 


A  PROCEDURE  FOR  TRANSLATING  MEASURED  VIBRATION 
ENVIRONMENT  INTO  LABORATORY  TESTS 

K.  W.  Smith 

White  Sands  Missile  Range 


A  method  is  described  that  may  be  used  to  derive  laboratory  vibration 
tests  when  the  measured  environment  induces  failures  of  the  type  gen¬ 
erally  associated  with  fatigue.  The  method  is  derived  from  basic  con¬ 
cepts  by  the  use  of  a  probabilistic  model. 


INTRODUCTION 

The  purpose  of  this  document  is  to  present 
a  method  for  deriving  laboratory  vibration  tests 
from  the  measured  environment  which  occurs 
during  transport  of  a  missile  system.  This 
derivation  is,  of  necessity,  a  qualitative  one 
since  many  of  the  parameters  associated  with 
the  dynamic  testing  of  structures  must  be  as¬ 
sumed,  and  further,  approximations  are  neces¬ 
sary  in  order  to  derive  a  practical  test  proce¬ 
dure.  These  approximations  tend  to  decrease 
the  realism  of  the  derived  laboratory  vibration 
test.  Therefore,  an  attempt  will  be  made  to 
point  out  the  probable  effect  on  test  realism 
associated  with  each  approximation. 

Most  of  the  concepts  explained  in  this  doc¬ 
ument  are  developed  elsewhere  in  the  literature. 
The  use  of  a  probabilistic  model  to  combine 
these  concepts  into  a  method  for  qualitatively 
specifying  a  vibration  test,  however,  has  not 
yet  been  accomplished  It  is  hoped  that  this 
development  will  provide  an  interim  method 
for  qualitatively  specifying  laboratory  vibration 
tests  until  more  realistic  tests  (which  circum¬ 
vent  some  of  the  simplifying  assumptions)  can 
be  formulated. 


GENERAL  CONCEPT  OF 
THE  PROBLEM 

The  life  cycle  of  complex  and  sometimes 
fragile  Army  Missile  Systems  from  factory  to 


launch  position  is  in  many  cases  more  severe 
than  the  environment  associated  with  launch  to 
target  destruction.  The  method  of  devising  a 
qualitative  laboratory  vibration  test  from  meas¬ 
ured  environmental  data  is  based  on  the  follow¬ 
ing  approach. 

1.  A  simple,  linear,  lumped  parameter 
system,  similar  to  the  shock  spectrum  model, 
is  used  to  mathematically  represent  the  system. 

2.  The  response  of  this  model  to  both  the 
service  and  laboratory  environment  is  given 
mathematically. 

3.  An  assumption  is  made  concerning  the 
way  damage  accumulates  in  the  simple  model. 
The  damage  associated  with  the  service  envi¬ 
ronment  is  then  equated  with  the  damage  input 
by  the  laboratory  test  environment.  In  effect 
this  assumption  fixes  the  mechanism  of  failure 
for  the  simple  model. 

4.  The  simple  shock  spectrum  model  is 
transformed  into  a  type  of  probabilistic  model 
by  considering  the  statistical  probability  dis¬ 
tribution  of  variables  which  affect  the  accumu¬ 
lation  of  damage  under  the  service  and  labora¬ 
tory  environments. 

5.  A  probability  distribution  representing 
the  ratio  of  required  laboratory  test  level  to 
measured  service  environment,  is  generated. 
This  statistical  distribution  can  then  be  used  to 
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select  a  discrete  ratio  such  that  a  reasonable 
percentage  of  the  idealized  shock  spectrum 
systems  will  be  subjected  to  at  least  the  same 
damage  as  induced  by  the  service  environment. 

6.  From  the  above  procedure  a  vibration 
test  is  uniquely  specified.  In  the  event  of  a 
particular  failure,  however,  the  calculated 
equivalent  service  time  is  derived  to  determine 
if  the  failure  will  occur  during  service. 


DYNAMIC  RESPONSE  OF  THE 
SIMPLE  MODEL 

Equivalent  Test  Concepts 

McCool1  derived  a  method  for  computing 
the  response  of  a  simple  model  and  established 
a  digital  computer  program  for  efficiently  com¬ 
puting  the  shock  spectrum  for  arbitrary  tran¬ 
sient  input  pulses.  In  our  analysis,  here,  the 
primary  interest  is  the  steady-state  response 
of  the  simple  model  to  both  harmonic  and  sta¬ 
tionary  random  inputs .  To  fix  ideas,  and  to 
provide  a  basis  for  the  discussion  of  the  effect 
of  damping,  a  discussion  of  the  response  of  the 
simple  model  is  accomplished  in  this  document. 
The  usual  model  used  to  construct  the  shock 
spectrum  is  shown  in  Fig.  1,  with  damping  in¬ 
cluded.  An  arbitrary  shock  pulse,  f(t),  is  ap¬ 
plied  to  the  base  of  the  model,  and  the  corre¬ 
sponding  relative  displacement,  u(t)  is 
calculated.  The  maximum  value  of  u(t), 
converted  to  acceleration  for  each  of  the 
spring-mass  systems,  defines  the  simple  shock 
spectrum.  The  basic  idea  of  using  the  shock 
spectrum  concept  to  define  laboratory  tests  is 
that  the  damage  potential  of  an  arbitrary  pulse, 
f(t) ,  may  be  produced,  at  least  qualitatively, 
by  a  laboratory  pulse  whose  shock  spectrum 
characteristics  are  approximately  identical. 
Thus,  the  idea  of  comparing  the  shock  spectrum 
of  a  transient  which  occurs  during  service  with 
a  shock  spectrum  of  a  pulse  produced  in  the 
laboratory  is  an  equivalent  testing  concept. 

The  philosophy  behind  equivalent  testing  is  to 
produce  the  same  damage  in  the  laboratory  as 
that  which  occurs  in  service,  through  the  use 
of  a  laboratory  test  that  is  different  from  the 
service  environment.  The  principal  advantage 
of  the  equivalent  testing  is  that  conventional 
laboratory  test  facilities  may  be  utilized.  A 
major  disadvantage  of  the  equivalent  testing 
technique  is  that  precision  is  many  times  sac¬ 
rificed  in  the  analytical  development  of  the 
test  procedure. 


Figure  2  is  an  illustration  of  one  of  the 
lumped  parameter,  linear,  single -degree -of - 
freedom  systems  from  Fig.  1. 


M 


|  i(t) 


Fig.  2  -  Model  of 
the  simple  system 


In  Fig.  1, 

M  =  mass  (lb-sec2/in.), 

D  =  total  damping  (lb-sec/in.), 

K  =  compliance  of  the  spring  (in./lb), 

x(  t )  =  acceleration  input  to  the  system  at 
its  base  (in./sec2),  and 

y(t)  =  displacement  response  of  the  mass 
(in.). 

This  system  is  not  intended  to  represent 
actual  structure  in  the  missile.  Rather,  it  rep¬ 
resents  a  simple  model  in  which  it  is  proposed 
to  calculate  the  damage  that  is  likely  to  occur 
during  a  laboratory  test.  This  damage  will  then 
be  equated  to  that  expected  from  the  in-service 
vibration  environment.  It  is  doubtful  that  a 
more  complex  model  can  be  justified  at  this 
time.  In  Ref.  2  the  characteristics  of  damping, 
or  energy  dissipation,  are  outlined  as  being 
dependent  on  the  condition  of  the  material,  state 
of  internal  stress,  applied  stress  history, 


*W.  A.  McCool,  "A  Digital  Computer  Program 
for  the  Analysis  of  Recorded  Shock  Motions," 
White  Sands  Missile  Range,  Nike  Zeus  Data 
Report  No.  23  (May  1961). 


2B.  J.  Lazan  and  L.  E.  Goodman,  "Material  and 
Interface  Damping,"  Chap.  36,  Vol.  II,  Shock 
and  Vibration  Handbook  (McGraw-Hill  Book 
Co.,  Inc.,  New  York,  1961). 
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configuration  of  the  structure,  and  many  other 
factors.  For  this  model  it  is  assumed  that  the 
actual  nonlinear  system  is  approximated  by  a 
linear  system  with  viscous  damping.  As  ex¬ 
plained  in  Ref.  2,  this  is  probably  satisfactory 
for  approximations  of  systems  with  small 
damping,  but  is  not,  in  general,  a  realistic  ap¬ 
proximation  to  the  damping  characteristics  of 
structural  materials.  Whereas  the  viscous 
damping  force  is  proportional  to  velocity,  the 
actual  damping  of  structural  materials  is  often 
proportional  to  the  amplitude  of  vibration. 
Further,  the  use  of  lumped,  instead  of  distrib¬ 
uted  parameters,  and  the  assumption  of  linear 
structure  cannot  be  justified  experimentally  or 
analytically.  However,  more  research  is  nec¬ 
essary  before  a  more  realistic  model  can  be 
developed  which  will  offset  its  increased  com¬ 
plexity  by  a  corresponding  increase  in  realism. 
Until  a  better  model  can  be  formulated,  the 
shock  spectrum  model  will  be  employed  for 
derivation  of  equivalent  test  parameters. 


Response  of  System  to  a 
Harmonic  Input 

The  differential  equation  describing  the 
motion  of  the  system  of  Fig.  2  is  written  as: 

SrW  (1) 


where 

U(s)  ^  Laplace  transform  of  u(t), 
u(0+)  =  initial  relative  displacement  at 

t  =  0+, 

u(0+)  ■  initial  relative  velocity  at  t  =  0+, 
and 

s  =  4>  +  jo>,  a  complex  number  j2  =  -l. 

By  rearranging  Eq.  (3)  into  a  form  where  a 
table  of  transform  pairs3  is  useful  and  letting 
a>d  =  *>n  -  v2,  Eq.  (4)  is  obtained  for  the  in¬ 

verse  Laplace  transformation,  C^tUfs)]  =  u(t) 


C'Vs)]  =  £'\< 


'u(0+)(s+7ja>n) 


[_(  s  +  T)a>n)  2  +  a>d  J 


[u(0+)  V“n  _ _ "I 

Wd  (s+  7ja)„)2  +  a)d2J 

[u(0+)  *>d  "1 

L  Wd  (s  +  ^n)2  +  a,dj 


£[x(t)] 


(  S  +  2  +  "d  J 


(4) 


The  following  terms  are  now  defined: 


The  inverse  Laplace  transformation  yields, 


u  =  y  -  x  =  relative  displacement  (in.), 

o»n  =  1A/KM  =  natural  angular  frequency 
(rad/sec), 

77  =  ratio  of  actual  damping  to 
critical  damping  of  the  sys¬ 
tem  (D/Dc),  and 

Dc  =  critical  damping  (2  v/M/K ). 

Equation  (1)  becomes 


♦  2,  „  a,2u  = 

dt2  n  dt  n 


-  .  (2) 

dt2 


By  Laplace  transforming  Eq.  (2)  and  col¬ 
lecting  terms,  the  following  is  obtained 


U(t)  =  € 


"ntju(0+) 


,  u(0+)  sin  cod' 


COS  0)dt  + 


(}-*f 


y/l  ~  T7S 


x(r) 


x  €  ^un  T>  sin  o>d(t-T)  dT,  (5) 


where  the  integral  in  Eq.  (5)  is  the  convolution 
integral  giving  the  inverse  transformation  of 
the  last  bracketed  expression  in  Eq.  (4),  and 
«  =  2.7183.  Notice  that  the  nature  of  the  accel¬ 
eration  forcing  function  x(t)  is  unspecified  and 
may  be  represented  by  any  arbitrary  signal. 

By  writing  difference  Equations  from  Eq.  (5), 
this  expression  is  readily  adaptable  to  digital 


u( 0+ )(  s  +  27, «„)  +  6(0+)  -  £[x(t)] 

U(s)  =  - — - - - -  ,  (3) 

s2  +  277  o>  s  +  a) 


3D.  K.  Cheng,  "Analysis  of  Linear  Systems" 
(Addison- Wesley  Publishing  Co.,  1961). 
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computation. 1  Suppose  the  acceleration  of  the 
base,  x(t),  is  a  complex  harmonic  function, 

*(  t)  =  x0eiot,  (6) 


where 


=  ’j) ,  (10) 


where 


x0  =  maximum  amplitude  of  the  signal 
(in./sec2), 


t  =  time  (sec),  and 

co  =  angular  forcing  frequency  (rad/sec). 


and  |  H(  j  co)  |  -  absolute  value  of  the  transfer 
function  for  an  acceleration  input  and  relative 
displacement  response  of  the  system. 


The  steady-state  value  cf  u(t)  may  easily 
be  determined  for  the  excitation  function  of  Eq. 
(6).  Notice  that  the  terms  multiplied  by  e*1*""1 
can  be  neglected  as  t  becomes  large  and,  for 
the  steady -state  response  to  a  harmonic  exci¬ 
tation,  Eq.  (5)  reduces  to: 


u(Oss 


1  ft~  j  «r  -*)"„(  t-T) 
* 


sin  wd(t  “  r)dr. 


(7) 


By  letting  f  =  t  -  r  and  noting  that 


sin  codi  = 


jo,df  _  -j«d£ 


2i 


Eq.  (7)  may  be  written  as 

j  cut 


U(t) 


2j^  Li 


d>]f 


Equation  (10)  gives  the  maximum  relative 
displacement  response  to  an  acceleration  har¬ 
monic  excitation  of  the  base.  It  is  important  to 
note  that  this  is  a  steady  state  response  of  the 
system  (forcing  angular  frequency  constant  and 
excitation  time  large)  because  of  the  method 
used  to  apply  the  laboratory  vibration  environ¬ 
ment. 


Response  of  the  System  to  a  Random 
Acceleration  Input 

The  dynamic  forcing  functions  which  occur 
during  the  operational  life  of  a  weapon  system 
are  generally  represented  by  their  statistical 
properties.  Since  the  statistical  definition  of 
these  forcing  functions  is  important  from  the 
standpoint  of  determining  the  response  of  par¬ 
ticular  systems,  a  large  amount  of  the  current 
literature  is  devoted  to  the  study  and  analysis 
of  these  phenomena  (see  Refs.  4  and  5  for  ex¬ 
ample). 


i("*"d)]  £ 


(8) 


which  is  easily  evaluated  as 


j(«t -e.) 


“CO..  =  - 


where 


A  restriction  generally  imposed  is  that  the 
random  process  be  stationary  in  nature.  A  sta¬ 
tionary  process  is  one  having  statistics  which 
do  not  change  with  time.  If  the  probability  den¬ 
sity  of  the  random  process  and  all  its  higher- 
order  densities  are  independent  of  time,  the 
process  is  strictly  stationary.  If  the  average 
of  the  product  x(t)  *  (t  +  r)  depends  only  on  r, 
the  process  is  "wide  sense"  stationary.  An 
ergodic  process  is  a  random  process  for  which 
time  and  ensemble  averages  are  equal.  Thus, 
all  ergodic  processes  are  stationary,  but  not 
necessarily  vice  versa.  The  assumption  that  the 
process  is  stationary  appears  to  be  reasonable 


6Z  -  tan*1  [(27?c</&Jn)/l  -  (c >Vcon)2]  . 

To  find  the  ratio  of  maximum  response  to 
input  we  take  the  absolute  value  of  both  sides 
and  note  that  the  response  is  given  by  = 

so  that, 


4H.  Press  and  J.  W.  Tukey,  "Power  Spectral 
Methods  of  Analysis  and  Application  in  Air¬ 
plane  Dynamics,"  Bell  Telephone  System  Mon¬ 
ograph  2606  (June  1956). 

5J.  W.  Miles  and  W.  T.  Thomson,  "Statistical 
Concepts  in  Vibration,"  Chapter  11,  Vol.  I, 
Shock  and  Vibration  Handbook,  1961,  McGraw- 
Hill. 
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for  random  processes  resulting  from  rail, 
truck,  or  aircraft  transport.  Serious  errors 
will  generally  result,  however,  If  this  property 
is  assumed  to  hold  for  missile  launch  and  flight. 
A  complete  discussion  is  beyond  the  scope  of 
this  paper.  For  details  see  Refs.  4  and  5.  Since 
this  document  is  concerned  with  developing  an 
equivalent  vibration  test  which  simulates  the 
damage  associated  with  the  transportation  of 
haissiles  and  missile  components,  the  random 
process  will  be  assumed  to  be  stationary.  In 
order  to  present  an  example  of  some  of  the 
physical  reasoning  involved  in  defining  the  ran¬ 
dom  processes,  a  brief  development  is  given  in 
this  document.  In  order  to  illustrate  these  con¬ 
cepts  in  a  simple  way,  the  assumption  will  be 
made  that  the  process  is  ergodic  (which  in  turn 
also  implies  a  stationary  process). 

In  Eq.  (5),  the  form  of  the  excitation  func¬ 
tion  x(t)  is  not  specified.  In  general,  if  x(t)  is 
a  random  process,  then  the  response,  u(t)  is 
also  a  random  process  dependent  on  x(t)  and 
the  transfer  characteristics  given  by  Eq.  (5). 
The  generation  of  a  random  process  u(t)  in  the 
time  domain,  however,  is  not  generally  useful 
unless  laborious  numerical  methods  are  em¬ 
ployed  to  define  the  response  statistically.  The 
assumption  that  the  random  process  is  station¬ 
ary  and  ergodic  becomes  important  for  this  ex¬ 
ample  since  these  properties  allow  Fourier 
analyses  to  be  utilized  to  transform  the  time 
domain  into  the  frequency  domain.  In  addition, 
notice  that  the  system  transfer  function  derived 
in  Eq.  (10)  may  then  be  used  to  characterize  the 
relationship  between  input-output  of  the  system. 
For  a  function  x(t),  whether  it  is  random  or 
not,  the  time  average  ir>  given  as: 


x  =  Limit  y  f  x(t)dt,  (11) 

T  -  oo  JT/2 

and  the  mean  squared  value  is 

x2  =  Limit  =T  f  x2(t)dt,  (12) 

T  -*  oo  J.t/2 

where  T  =  period  of  the  analysis. 


If  a  recording  of  x(t)  is  accomplished  and 
a  finite  interval  is  selected  for  analysis,  the 
function  x(t)  may  be  represented  by  a  Fourier 
series.  In  the  complex  form  this  is: 


x(t) 


(13) 


where  wo  =  fundamental  angular  frequency  for 
the  repeating  signal  with  period  Te  , 


and 


k  “  T 


bk  =  t 


k "  ibk)  • 

2 

T 

t8/  2 

f  x(t) 

ain  wQkt  dt 

o  * 

'-Te/2 

f  1 

T./2 

x(t) 

cos  wokt  dt 

lo  J 

■To/J 

By  substituting  Eq.  (13)  into  (12)  and  noting  the 
orthogonal  relationships  associated  with  Fourier 
series,  the  following  is  obtained: 


Oft 


Figure  3  represents  a  typical  plot  of  |  |  2  ver¬ 

sus  angular  frequency,  w  =  2n/T.  If  the  record 
length  to  be  analyzed  is  increased  by  some 
factor,  say  m,  the  amplitude  of  the  1^  |  2  co¬ 
efficients  becomes  |  \ 2  =  |  1 2/m  which  are 

spaced  w0/m  units  apart.  Therefore,  the  sum 
of  the  |ak| 2  coefficients  remains  constant  and 
the  increment  in  x2  divided  by  the  increment 
infrequency,  Aw,  is  approximately  the  same 
for  all  m. 

Thus 


Ax2 

Aw 


Ntl  N 

2Em!-2£k' 


(15) 


As  the  length  of  the  record  to  be  analyzed  is 
increased,  more  spectral  lines  appear  so  that 
in  the  limit, 


and 


Ax2 
Limit  — 

Aw  -»  0 


Limit 

To-® 


ill 

dw 


where  «<w)  =  input  acceleration  power  spec¬ 
trum  corresponding  to  x(t).  The  mean  squared 
value  is, 

x2  =  I  $(a))  dw .  (16) 
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Fig.  3  -  Typical  plot  of  spectral  lines 


The  power  spectrum,  <&(&>),  has  units  of 
acceleration  amplitude  squared  divided  by  fre¬ 
quency  and  may  be  evaluated  by  using  either 
analog  analysis  facilities  or  by  numerical 
means.  Notice  that  $(&>)  as  determined  in  this 
analysis  assumes  the  random  process  x(t)  is 
ergodic.  The  length  of  the  record  and  frequency 
bands  of  the  analysis  are  important  parameters 
to  consider  in  the  analysis  of  $(&).  Details  are 
found  in  Ref.  4.  From  these  references,  the 
statistical  confidence  band  assuming  a  Gaussian 
variation  and  small  variations  in  x2  is  approx¬ 
imately: 


Ax2  ±  d  Ax^/£  <17> 


random  signal  of  length,  T0 ,  given  in  Eq.  (15) 
multiplied  by  the  system  transfer  function  to 
yield  the  relative  displacement  response  as  a 
function  of  time.  Since  the  input  function  is 
assumed  to  be  an  ergodic  random  process,  the 
response  u(  t )  is  also  an  ergodic  random  proc¬ 
ess.  In  this  case  the  mean  squared  steady- 
state  displacement  response  is  given  by 


u 


2 

st 


Limit  f  u2(t)  dt  . 
T  -  co  JT/2 


(19) 


By  substituting  u(t),s  from  Eq.  (18)  into  (19) 
and  again  noting  the  orthogonal  properties  of 
Fourier  series,  the  following  is  obtained: 


where 


Ax2 


d&> , 


u?.  =  H2(0)ao2  +  2  £  |ak|2  |H(jk%)|2.  (20> 

k«  1 

By  utilizing  the  same  argument  associated  with 
Eq.  (17),  the  following  is  obtained: 


and  d  =  normal  curve  value  associated  with  a 
particular  confidence  band  (Ref.  6). 

Since  the  system  is  linear  and  the  principle 
of  superposition  applies,  the  relative  steady 
state  displacement  response  is 


2|«lJ2 

2tt/T0 


|H(  jk  o»0)  |  2  , 


and  in  the  limit  as  T0-*co  and  Aw-0  the  spec¬ 
tral  lines  become  continuous,  so  that 


■E 

k  -  -  a 


2n 

T0 


H(  i  k  , 


(18) 


du  2 


(21) 


where  H(  jk  wQ)  is  given  in  Eq.  (10)  with  a>0-»ka>0 
for  the  summation. 


The  mean  squared  relative  displacement  re¬ 
sponse  may  be  evaluated  as 


This  is  the  superposition  of  the  harmonic 
components  from  the  Fourier  analysis  of  the 


4>(o>)  |H(  )oS)  |  2  do> . 


(22) 


'M.  Schwartz,  Information  Transmission,  Mod¬ 
ulation,  and  Noise  (McGraw-Hill  Book  Co., 
Inc.,  New  York,  1959). 


Consider  the  function  |H(  j^)|  x  a>n4  for  the 
simple  system  of  Fig.  2.  For  typical  value  of 
7j,  this  is  shown  in  Fig.  4. 
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Fig.  4  -  Typical  frequency  response 
curve  for  the  simple  system 


Notice  that  the  response  is  grouped  about 
«  =  and  acts  as  a  mechanical  filter  to  the 
base  excitation  function.  The  concept  of  a 
"Noise  equivalent  bandwidth,”  B,  is  now  intro¬ 
duced.  Observation  of  Fig.  4  reveals  that  .the 
contributions  of  <K^)  to  the  output  of  the  sys¬ 
tem  will  be  approximately  limited  to  a  certain 
frequency  bandwidth.  A  rectangular  frequency 
spectrum,  which  is  equivalent  to  the  |H(jcj)|2 
frequency  spectrum,  is  defined  as  B . 

From  Ref.  6  (pages  205-207)  this  is  de¬ 
rived  as: 

A*?8  =  f  I  H(  j  o>)  | 2 dw  ,  (23) 

Jo 

where 

Am  =  maximum  value  of  |H(jo>)|  =• 1/co* 2 v, 
and 

B  =  noise  equivalent  bandwidth  centered 
about  con  (rad/sec). 

In  order  to  evaluate  B,  it  is  necessary  to 
perform  the  indicated  integration.  The  neces¬ 
sity  of  evaluating  B  will  become  apparent  dur¬ 
ing  the  discussion  of  the  equivalent  laboratory 
test.  The  evaluation  of  Eq.  (23)  involves  com¬ 
plex  integration  and  is  given  in  Appendix  A. 

From  Appendix  A,  B  is  calculated  as 

B  =  7rcon7j.  (24) 

The  output  mean  squared,  relative  displace 
ment  response  is  a  function  of  the  contributions 
of  the  input  power  spectrum,  <KW),  in  the  band¬ 
width  B.  It  is  considered  that  values  of  0(a)) 
outside  b  contribute  nothing  to  the  response  of 
the  system  of  Fig.  2.  If  0(a))  is  essentially 


constant  within  B,  the  mean  squared  relative 
displacement  output  isT approximated  by 

u2  *  0(o,)B  Am2B  =  0(o))B  -Z_  ,  (25) 

4  V»n3 

where  0(o;)B  =  average  of  0(a))  within  the  fre¬ 
quency  bandwidth  B.  If  O(o)  is  not  constant 
within  B,  Eq.  (25)  will  be  somewhat  in  error. 

In  this  case,  numerical  evaluation  of  Eq.  (22) 
will  yield  accurate  results;  however,  it  is 
doubtful  that  the  increase  in  accuracy  justifies 
the  use  of  (22)  except  for  extreme  variations  of 
0(a))  within  the  bandwidth  B. 

The  assumption  of  ergodicity  is  not  neces¬ 
sary  for  the  derivation  of  the  principal  results 
of  this  section;  i.e.,  those  given  by  (16),  (22), 
and  (25).  The  assumption  that  the  random 
process,  x(t),  is  stationary  is  required.  In 
the  subsequent  development,  the  excitation 
function  will  be  assumed  to  be  a  stationary  ran¬ 
dom  process.  In  addition,  the  statistics  of  the 
process  will  be  restricted  to  the  Gaussian 
probability  distribution  with  zero  mean  in  order 
to  define  the  output  of  the  system  in  a  simple 
way. 


Comparison  of  Damage  Assiciated 
with  Random  and  Harmonic  Inputs 

The  assumption  of  the  mechanisms  of  dam¬ 
age  in  the  simple  model  is  one  of  the  most  criti¬ 
cal  areas  in  the  development  of  an  equivalent 
test.  In  general  there  are  two  types  of  failure 
which  occur  during  the  application  of  vibration 
environment: 

1.  Intermittent  Failures.  There  is  no 
damage  in  a  mechanical  sense;  the  relative 
motion  of  component  parts  of  vacuum  tubes, 
relay  contacts,  and  other  parts,  whose  electrical 
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properties  are  sensitive  to  position,  may  cause 
maloperation  of  the  equipment.  When  the  vibra¬ 
tory  oscillation  ceases,  the  equipment  returns 
to  normal.  To  detect  intermittent  failures,  the 
operating  characteristics  of  the  equipment  must 
be  monitored  during  application  of  the  vibratory 
equipment. 


to  consider  the  fatigue  as  primarily  a  fai  jue 
phenomenon.  Failure  prior  to  104  cycles  rep¬ 
resents  a  ruptive  type  damage  associated  with 
the  application  of  shock  transient  and  is  outside 
the  scope  of  this  paper.  The  effect  of  stress 
application  below  crt  will  be  discussed  pres¬ 
ently. 


2.  Fatigue  Failures.  These  failures  are 
caused  by  exceeding  the  endurance  strength  of 
structural  elements  for  a  sufficient  length  of 
time  such  that  mechanical  failure  does  occur. 

In  the  present  analysis  it  is  assumed  that 
the  components  are  undergoing  tests  which 
simulate  the  damage  associated  with  the  trans¬ 
portation  environment  and  are  therefore  not 
operating.  Fatigue  failures  are  then  the  pri¬ 
mary  source  of  concern.  If  intermittent  type 
failures  are  important,  then  the  laboratory  test 
should  consist  of  the  application  of  the  maxi¬ 
mum  levels  which  occur  in  service  with  the 
equipment  being  operated.  Intermittent  type 
failures  occur  when  the  equipment  will  not  op¬ 
erate  within  specifications,  but  the  investigation 
of  fatigue  failures  is  not  an  objective  for  a  test 
of  this  type. 

Much  fatigue  data  have  been  collected  in 
the  form  of  a  conventional  stress  versus  num¬ 
ber  of  cycles  to  failure.  These  are  plotted  for 
different  materials  onto  ’V-N"  curves  and  ex¬ 
hibit  wide  scatter.  Figure  5  is  a  hypothetical 
a  -  N  curve  plotted  on  logarithmic  paper  for 
fully  reversed  loading. 

If  <ru  is  exceeded,  failure  occurs  almost 
immediately.  For  most  structural  materials 
failure  before  104  cycles  is  indicative  of  the 
fact  that  cru  has  been  exceeded.  If  the  stress 
is  below  cre,  fatigue  failure  will  not  occur  no 
matter  how  many  cycles  are  input  to  the  test 
specimen.  In  general,  if  failure  does  not  occur 
prior  to  the  application  of  106  to  10 7  cycles, 
the  applied  stress  is  less  than  o-e.  In  a  labora¬ 
tory  test  for  simulation  of  fatigue  failures,  it  is 
necessary  to  obtain  at  least  104  cycles  in  order 


It  is  necessary  now  to  specify  a  criteria  for 
the  way  damage  occurs  in  the  fatigue  environ¬ 
ment.  Several  theories  have  been  advanced 
concerning  cumulative  damage;  however,  none 
have  proven  to  be  particularly  accurate  from 
the  experimental  standpoint.  Those  interested 
may  consult  Refs.  7  through  10.  The  concept 
given  by  Miner7  appears  to  be  adequate  to  es¬ 
timate  the  fatigue  life  of  a  single  specimen, 
and  because  the  mathematical  form  of  the  theory 
is  particularly  simple:  it  is  adopted  here. 

First  a  tensile  bar  is  assumed.  If  the  work 
is  taken  as  w,  then 


where 


w/cycle 


um.x  P  =  P2  l 
cycle  AE 


(26) 


umax  =  maximum  relative  displacement  (in.), 
P  *  force  (lb), 

l  -  length  of  tensile  specimen  (in.), 

E  =  modulus  of  elasticity  (lb/in.2),  and 
A  =  area  (in.2). 


7M.  A.  Miner,  "Cumulative  Damage  inFatigue," 
J.  Appl.  Mech.  (Sept.  1945). 

®Shanley,  "A  Theory  of  Fatigue  Based  on  Un¬ 
bonding  During  Reversed  Slip Rand  Report 
P-350-1. 

'Dolan  and  Carter,  "Cumulative  Fatigue  Dam¬ 
age,"  International  Conference  on  Fatigue  of 
Metals,  Session  3,  Paper  2  (Nov.  1956). 

^J.  C.  Levy,  "Prediction  Fatigue  Life,"  J. Roy. 
Aeronaut.  Soc.,  Vol.  61  (July  1957). 
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The  total  energy  per  unit  area  for  n  cycles 
would  be 

e  *  <J2  n  ,  (27) 

E 

where 

e  =  (w/A)  n, 

o-  =  stress  (lb/in.2),  and 
n  =  actual  number  of  cycles  at  force  P. 

For  failure 

«F  •  J  N,  ,  (28) 

where 

eF  =  energy  input  at  failure, 

o'!  =  stress  associated  with  a  particular 
force  (Pj),  and 

Nj  =  the  number  of  cycles  to  failure  as 
determined  from  the  S-N  curve  of 
Fig.  5. 

For  less  than  failure  the  damage  is  partial 
in  nature  and  Nt  -*nj.  When  dividing  the  partial 
damage  by  the  total  damage  to  failure, 


Miner  theorizes  that  the  damage  accumulates 
linear ily,  or  that: 

ei  +  e2  +  •  •  •  +  ei  =  eF  .  (30) 

By  dividing  both  sides  of  the  identity  in  (30)  by 
eF  and  combining  with  (29),  the  following  is 
obtained: 


or  as  is  usually  expressed: 

D  ■  E  £  ■  »•  (3D 

i  1 

where  D  =  damage  coefficient,  assumed  to  be 
unity  at  failure. 


been  found  that  D  is  somewhat  dependent  on  the 
sequence  of  loading  with  range  of  1/3  to  3. 

Since  the  analysis  here  is  concerned  with 
equating  the  damage  associated  with  the  serv¬ 
ice  environment  with  the  damage  that  might  be 
introduced  during  a  laboratory  test,  a  specific 
value  of  D  is  not  required. 

Since  the  statistical  properties  of  the  serv¬ 
ice  environment  are  assumed  to  be  stationary 
and  gaussian  in  nature,  the  relative  displace¬ 
ment  output  of  the  shock  spectrum  model  will 
also  be  stationary  and  Gaussian.  The  frequency 
content  of  the  output,  however,  will  be  limited  to 
the  bandwidth  of  B .  An  output  signal  of  this  type 
is  called  a  ’’random  sine  wave”  and  is  illustrated 
in  Fig.  6. 

In  Ref.  11,  it  is  shown  that  the  distribution 
of  the  envelope  of  u(t),  say  u  ,  is  given  by  the 
Rayleigh  probability  provided  that  u  =  0.  Since 
the  mean  value  of  the  excitation  function  was 
assumed  to  be  zero,  the  output  u  =  0  and  the 
probability  density  of  the  peak  response  may  be 
written  as 


where 

ur2  =  u2- Cu) 2,  the  variance,  and 

P(u/ur)  =  probability  density  of  the  nor¬ 
malized  peak  value  of  u(t). 

In  order  to  determine  a  harmonic  input  to 
the  model  which  is  equivalent  to  damage  induced 
by  the  service  environment,  $(&),  it  is  neces¬ 
sary  to  assume  that  Hooke’s  Law  holds  in  the 
dynamic  case,  i.e., 

o’  :  -jE  .  (33) 

Equation  (33)  is  probably  not  valid  for  most 
materials  for  the  dynamic  case;  however,  a 
standard  relationship  relating  dynamic  stress 
and  relative  displacement  is  not  available.  Un¬ 
til  more  data  are  available,  it  will  be  assumed 
that  stress  in  the  model  is  directly  proportional 
to  the  total  strain  (since  E /l  is  a  constant  for 
a  particular  model).  If  o-  is  replaced  by  u  in 
Fig.  5  and  the  straight  portion  of  the  o--n  curve 


11 


Many  experiments  have  been  conducted  in 
an  attempt  to  verify  Miner's  theory,  and  it  has 
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S.  O.  Rice,  "Mathematical  Analysis  of  Ran¬ 
dom  Noise,"  Selected  papers  on  Noise  and 
Stochastic  process  (Dover  Publications ,  1954). 


extended  for  mathematical  simplicity,  the  curve 
of  Fig.  5  may  be  represented  by 

logeu  =  iogeu1  -  1  logtN  ,  (34) 

where 

Uj  =  hypothetical  relative  displacement 
required  to  produce  failure  during 
1  cycle,  and 


The  problem  now  is  to  determine  a  single 
sinusoidal  vibration  amplitude,  ue,  that  will 
produce  the  same  damage  as  the  random  sine 
wave  whose  probability  density  is  character¬ 
ized  by  Eq.  (32).  Both  the  single  sinusoidal 
amplitude,  ue,  and  the  random  sine  wave  oscil¬ 
late  with  frequency,  a>n .  The  determination  of 
ue  is  given  by  Miles5,12  in  terms  of  stress. 
The  equation  as  derived  by  Miles,  writing  in 
terms  of  u,  is 


-1/a  =  slope  of  the  straight  line  on  the 
curve  of  Fig.  7,  and 


(na) 


1/  2a 


(36) 


N  ==  104  cycles. 

Equation  (34)  may  be  written  as: 

N  =  (Vx/u)a.  (35) 

The  value  of  a  may  be  determined  from  a  N 
curves  plotted  for  particular  materials.  These 
curves  generally  exhibit  wide  scatter,  and  the 
value  of  a  varies  from  3  to  25  depending  on  the 
fatigue  characteristics  of  the  material. 


Figure  7  is  a  plot  of  the  u  versus  N  curve  with 
a  typical  value  of  ue  and  distribution  of  up 
given.  The  cross  hatched  portion  of  the  damage 
induced  by  the  random  sine  wave  represents 
displacements  associated  with  stresses  below 
the  endurance  limit,  cre.  Since  there  is  no  di¬ 
rect  way  to  calculate  the  relative  displacement 


12J.  W.  Miles,  "On  Structural  Fatigue  Under 
Random  Loading,"  J.  Aeronaut.  Sci.,  Vol.  21, 
No.  11  (Nov.  1954). 
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corresponding  to  the  stress  endurance  limit,  it 
must  be  assumed  that  these  levels  of  the  ran¬ 
dom  sine  wave  contribute  to  the  damage.  It  is 
evident  that  the  calculated  value  of  u(  will  be 
slightly  higher  than  that  actually  required  to 
induce  an  equivalent  damage.  This  means  that 
the  laboratory  test  will  be  conservative  in  na¬ 
ture  since  damage  is  counted  for  all  of  the 
small  displacements  below  the  endurance  limit, 
This  conservation  will  be  left  as  a  "factor  of 
safety"  for  the  equivalent  test. 


equal  time  within  B  for  each  shock  spectrum 
model;  i.e.,  the  time  the  excitation  of  the  model 
is  within  B  is  independent  of  ^n.  Figure  8  is  a 
curve  illustrating  a  typical  logarithmic  frequency 
sweep  vibration  test  schedule.  In  writing  the 
equation  for  the  curve  in  Fig.  8 

txtf[  1o,-(£)  loe-R)}  (3,a) 

where 

t  =  time  (sec),  and 


ESTABLISHMENT  OF  LABORATORY 

TEST  PROCEDURES  "l*  wu  =  lower  and  upper  angular  frequen¬ 

cies,  respectively,  of  the  test 

Laboratory  Test  Parameters  schedule. 


Equation  (36)  could  be  used  to  derive  a 
laboratory  vibration  test  for  inducing  equivalent 
damage  in  a  particular  model  shown  in  Fig.  2. 

A  laboratory  test  of  this  sort  would  consist  of 
a  sinusoidal  input  which  induces  a  relative  dis¬ 
placement  of  ue  and  whose  frequency  of  oscil¬ 
lation  is  wn .  The  duration  of  the  laboratory 
test  would  correspond  to  the  time  the  test  speci¬ 
men  is  subjected  to  the  service  environment. 

The  disadvantages  of  such  a  test  are  obviously: 


The  response  of  the  simple  model  is  essentially 
resonant,  as  shown  in  the  development  of  the 
equivalent  noise  bandwidth  given  in  Eq.  (24). 
Since  only  the  values  of  within  the  fre¬ 
quency  bandwidth,  b  ,  contribute  to  the  response 
of  the  system,  it  is  reasonable  to  assume  that 
significant  system  damage  occurs  during  appli¬ 
cation  of  the  laboratory  test  frequencies  within 
B.  Rearranging  Eq.  (37a)  to  determine  the  time 
the  laboratory  sweep  frequencies  are  within  B, 


1.  Only  those  components  of  the  test  speci¬ 
men  whose  natural  frequencies  are  in  the  vicin¬ 
ity  of  <an  will  receive  damage. 


l°g,  I  — -  )/log  ( — - 

L  //  eW 


(37b) 


2.  The  required  test  time  will  be  imprac¬ 
tical  since  conceivably  several  hundred  hours 
might  be  required  to  produce  a  one  to  one  cor¬ 
respondence  between  laboratory  and  service 
times.  In  order  to  circumvent  these  problems, 
a  laboratory  test  is  specified  in  which  the  vi¬ 
bration  frequency  sweep  rate  is  logarithmic 
throughout  the  frequency  range  of  interest.  It 
is  easily  shown  that  for  v  a  constant  a  loga¬ 
rithmic  frequency  sweep  rate  will  result  in 


At  =  time  the  sweep  frequency  is  within  B, 
=  upper  frequency  limit  of  B,  and 

=  lower  frequency  limit  of  b. 

From  Eq.  (24) 


(‘ 


Fig.  8  -  Vibration  test  schedule 
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and  by  substituting  into  (37b), 


where 


At  =  '<  [lo8<(f^)/lo8-(^)]-  (38) 

Thus,  At  is  independent  of  wn;  given  that  a 
logarithmic  change  in  the  frequency  sweep  rate 
is  effected.  Caution  must  be  exercised,  how¬ 
ever,  in  the  application  of  Eq.  (38).  The  re¬ 
sponse  of  the  model  to  a  harmonic  input,  as 
given  in  Eq.  (10),  was  determined  by  assuming 
steady  state  conditions,  i.e.,  that  the  applied 
excitation  frequency  was  constant.  The  excita¬ 
tion  function  selected  for  the  laboratory  test  is 
fundamentally  different  from  that  given  by  Eq. 
(6).  In  fact, 

x(t)  =  X0  sin  [w(t)t]  ,  (39) 


At min  =  minimum  time  required  to  sweep 
within  B  to  insure  a  response  95 
percent  or  greater  of  the  steady 
state  value, 

gm  =  (from  Ref.  13),  a  measure  of  the 
rate  the  system  is  being  acceler¬ 
ated  is  dependent  on  17  and  the  re¬ 
quired  response  level,  and 

fL  =  lower  frequency  limit,  col/2tt  (cps). 

From  Ref.  13  the  values  of  gm  for  a  response 
of  95  percent  or  greater  than  the  value  pre¬ 
dicted  for  steady-state  vibration  are  as  shown 
in  Table  1. 


where 


A  rate  of  change  of  o<t)  which  is  too  rapid  will 
prevent  the  response  of  the  item  from  building 
up  to  the  steady-state  value  given  by  Eq.  (10). 
This  problem  was  first  studied  by  Lewis 1 3  and 
adopted  to  the  vibration  problem  in  Ref.  14. 
From  Ref.  14  an  expression  was  developed  to 
insure  that  the  response  level  experienced  by 
the  simple  model  was  greater  than  or  equal  to 
95  percent  of  the  response  level  given  by  the 
steady- state  value  for  a  particular  damping. 

For  large  damping,  the  rate  of  change  of  fre¬ 
quency  through  B  is  not  critical;  however,  for 
small  damping,  the  sweep  rate  must  be  slow. 

To  determine  a  logarithmic  sweep  rate  which 
will  insure  that  all  of  the  models  will  respond 
to  at  least  95  percent  of  the  value  predicted  by 
Eq.  (10),  it  will  be  assumed  that  the  minimum 
value  of  v  to  be  considered  in  this  analysis  is 
0.01. 

Adapting  the  results  of  Refs.  1  and  14  to 
provide  the  required  levels  within  the  frequency 
bandwidth  B,  the  following  relationship  is  given: 

(«) 


13F.  N.  Lewis ,  "Vibration  During  Acceleration 
Through  a  Critical  Speed,"  APM  54-24, 
Transactions  ASME  (1932),  pp.  253-261. 

14C.  E.  Crede  and  E„  J.  Lunney,  "Establish¬ 
ment  of  Vibration  and  Shock  Tests  for  Missile 
Electronics  as  Derived  from  the  Measured 
Environment,"  WADC  Technical  Report  56- 
503  (Dec.  1956). 


TABLE  1 

Values  of  gm  for  95- Percent 
Response  from  Ref.  13 


V 

0.2 

6.62 

0.1 

26.5 

0.05 

300 

0.025 

424 

A  value  corresponding  to  gm  when  77  =  0.01 
can  safely  be  assumed  as  gm  =  600.  By  sub¬ 
stituting  gm  =  600  into  (40)  and  combining  this 
with  (38), 


(41) 

The  application  of  Eq.  (41)  provides  a  method 
for  selecting  the  total  elapsed  cycling  time  for 
one  logarithmic  sweep.  Suppose  now  that  an 
integral  number  of  vibration  sweep  cycles,  say 
p,  are  selected  for  the  vibration  laboratory 
test.  A  comparison  between  the  time  to  failure 
at  any  two  levels  can  be  accomplished  through 
the  use  of  Eq.  (35).  Thus  a  mechanism  for 
accelerating  the  damage  in  the  simple  model 
can  be  introduced.  Let  Ne  be  the  number  of 
cycles  to  failure  associated  with  the  stress 
level  induced  by  relative  displacement  ue,  and 
similarly  Nt  be  the  number  of  cycles  to  failure 
for  the  relative  displacement,  ut,  associated 
with  the  laboratory  test,  then 


Ne  =  (W1/ft 
Nt  "  ayut)1/*  * 
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Noting  that 


Ne  = 


277 


and 


4>(  fn)  =  measured  service  mean  squared 
acceleration  density,  g2/cps 
within  B,  and 

g  =  acceleration  due  to  gravity  (386.4 
in. /sec2). 


where  At  is  defined  by  Eq.  (38)  and  ts  is  the 
total  time  in  service,  this  equation  may  be  re¬ 
written  as 


Notice  that  pAt  is  given  by  Eq.  (38)  as  the  total 
significant  time  the  applied  laboratory  acceler¬ 
ation  is  within  the  frequency  bandwidth,  B. 
Equation  (44)  is  the  central  result  of  this  anal¬ 
ysis,  since  the  equivalent  test  ratio, 


/p  A 

"•  =  u'{—' 


p  Aty/“ 


(42) 


[0(fn)]1/2 


It  is  now  possible  to  combine  the  previous  re¬ 
sults  to  obtain  a  ratio  of  the  required  labora¬ 
tory  test  level  to  the  mean  squared  acceleration 
density  measured  in  service.  This  ratio  is  de¬ 
rived  on  the  basis  that  the  total  number  of 
sweep  cycles,  p,  and  the  total  elapsed  cycling 
time  per  logarithmic  sweep  cycle,  tf,  is  se¬ 
lected  to  conform  to  practical  test  considera¬ 
tions.  From  Eqs.  (10),  (25),  and  (42), 


may  be  calculated  throughout  the  frequency 
spectrum  by  varying  fn. 


Calculation  of  Statistical 
Distribution  of  Re 

The  equivalent  test  ratio  given  by  Eq.  (44) 
for  a  particular  frequency,  fn,  and  laboratory 
test  sweep  pattern  is  a  function  of  two  variables; 
i.e., 

Re  =  cp(a,T])  .  (45) 


~xt(max) 
-  2^0 


(43) 


where 


xt(max)  =  required  test  acceleration  level 
(in./sec2),  and 

/  x  /  x1/2a  (*\1/2 

g(a)  =  (77a)  (—  J  . 

Rearranging  Eq.  (43)  and  converting  angular 
frequency  to  cycles  per  second,  the  following  is 
obtained: 


Re  =  - - ^ - —  =  r(777?)^2/f^\l/alg(a). 

tfn  L  /  \  /  J 

(44) 

where 

Re  =  equivalent  test  ration  normalized  to 

fn> 

f n  =  0}n/2v  (CPS), 

at  =  required  input  test  level  in 

gravitational  units  (g), 


Unfortunately,  the  fatigue  characteristics  given 
by  the  parameter  a  and  the  damping  values  as¬ 
sociated  with  v  are  impossible  to  determine  on 
a  practical  basis  in  a  complex  structure.  Data 
are  available,  however,  to  indicate  the  range  of 
these  parameters  that  might  be  expected  in  a 
complex  test  specimen.  For  example,  the  value 
of  a  is  approximately  3  for  magnesium,  10  for 
aluminum,  and  25  for  steel,  assuming  a  straight 
tensile  bar.  It  is  also  well  known  that  the  con¬ 
figuration  of  the  structure  affects  the  value  of 
a.  Further,  for  a  particular  material  and  struc¬ 
tural  configuration,  the  statistical  variance  of 
a  determined  by  experiment  is  large.  It  would 
appear  reasonable,  then,  to  analyze  the  complex 
structure  to  be  tested  to  estimate  a  statistical 
distribution  of  a.  In  addition,  since  the  damp¬ 
ing  is  dependent  on  stress  level,  material, 
structural  configuration,  and  so  on  (see  Ref.  2) 
in  a  complex  way,  the  treatment  of  v  on  a 
probabilistic  basis  also  appears  to  be  warranted. 
In  general,  -q  may  be  expected  to  vary  between 
0.01  and  0.1  for  the  structure  normally  used  in 
missile  airframes  and  ground  support  equip¬ 
ment. 

It  is  proposed  to  generate  a  statistical  dis¬ 
tribution  of  Re  in  a  rather  straightforward 
manner.  An  analysis  of  the  physical  properties 
of  the  test  specimen  ‘will  be  accomplished  to 
estimate  the  statistical  distribution  of  a.  and  77. 
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A  digital  computer  program  is  then  formulated 
to  generate  a  large  number  of  values  of  Re.  An 
assessment  of  the  values  of  Re  generated  by 
the  digital  computer  program  allows  a  particu¬ 
lar  equivalent  test  ratio  to  be  selected  by  the 
test  engineer.  Since  a  statistical  distribution 
of  Re  is  generated,  the  probability  that  the  test 
specimen  will  receive  the  same  damage  from 
the  laboratory  test  as  was  received  from  serv¬ 
ice  can  be  estimated.  In  order  to  provide  a 
specific  example  of  how  an  equivalent  vibration 
test  can  be  formulated,  a  hypothetical  situation 
is  assumed  and  a  laboratory  vibration  test  is 
derived  in  Appendix  B.  A  digital  computer  pro¬ 
gram  capable  of  generating  Re  is  available 
from  White  Sands  Missile  Range,  New  Mexico. 


Treatment  of  Laboratory 
Test  Failures 

It  is  evident  that  after  a  particular  value  of 
Re  has  been  selected  that  the  possibility  of  over¬ 
testing  particular  elements  of  the  structure  ex¬ 
ists.  As  a  matter  of  fact  if  a  value  of  Re  is 
selected  such  that  a  probability,  P,  is  estimated 
that  the  laboratory  test  is  as  severe  or  more 
severe  than  the  service  environment,  then  it  is 
clear  that  we  must  estimate  P  percentage  of 
the  structural  elements  as  being  overtested  and 
(l-P)  structural  elements  as  being  undertested. 

If  a  particular  structural  element  fails  during 
the  course  of  the  vibration  test,  it  is  important 
to  calculate  equivalent  service  time,  ts,  asso¬ 
ciated  with  the  failed  specimen.  This  is  ac¬ 
complished  by  first  estimating  the  fatigue  and 
damping  characteristics  of  the  failed  component 
based  on  the  structural  configuration  and  mate¬ 
rial  involved.  After  these  parameters  have 
been  estimated,  the  resonant  frequency,  fn, 
must  be  determined  by  either  calculation  or 
measurement.  (In  most  complex  structure, 
measurement  is  the  preferred  method.)  Equa¬ 
tion  (44)  may  then  be  transposed  for  a  solution 
of  the  equivalent  service  time  associated  with 
the  laboratory  test  as: 

(ts^L  =  {tRe(  fn^  tj(vr))l/2  g(«)j  AtPL,  (46) 
where 

(ts)L  =  equivalent  laboratory  service 
time, 


[Re(  fn)]  =  selected  value  of  Re  at  the 

*  measured  or  calculated  value 
of  fn  corresponding  to  the 
failed  component, 

a,  77  =  estimated  values  of  fatigue 

and  damping  characteristics  of 
the  failed  component,  and 

PL  =  actual  number  of  logarithmic 
sweep  cycles  accomplished 
during  the  laboratory  test  prior 
to  failure  of  the  element. 

If  [tslL  >  ts,  failure  has  not  really  occurred 
since  the  service  life  has  been  exceeded  by  the 
test  life;  however,  if  [t.]L  <  ts,  the  obvious 
conclusion  must  be  that  the  structural  element 
has  not  passed  the  test. 

It  should  also  be  mentioned  here  that  the 
equivalent  test  concepts  derived  in  this  docu¬ 
ment  assume  that  the  response  of  the  simple 
model  is  translational.  Therefore,  application 
of  the  vibration  environment  in  the  laboratory 
should  be  in  three  dimensions.  Assuming  that 
the  required  vibration  test  input  parameters 
have  been  calculated  for  each  of  three  mutually 
perpendicular  axes,  a  practical  laboratory  vi¬ 
bration  test  procedure  requires  that  the  calcu¬ 
lated  parameters  corresponding  to  each  axes 
be  input  sequentially.  Unfortunately,  consider¬ 
able  response  is  induced  in  adjacent  axes  caus¬ 
ing  damage  to  accumulate  for  test  in  these  axes. 
Thus,  if  the  same  test  specimen  is  used  for 
testing  in  each  of  the  axes,  overtesting  will  re¬ 
sult  for  particular  elements  during  tests  in  the 
second  and  third  axes.  Several  alternatives  are 
possible: 

1.  Use  a  new  test  specimen  for  tests  during 
each  axis. 

2.  Test  only  in  the  most  significant  axis. 
(This  is  possible  if  the  service  environment  is 
essentially  unidirectional  in  nature.) 

3.  Measure  the  response  in  the  adjacent 
axes,  calculate  [tslL  in  each  of  these  direc¬ 
tions  and  adjust  any  subsequent  failures  by  this 
calculated  value. 
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and  In  a  similar  manner 


Limit 
R  -*  oo 


K4  =  l/(j4o.n3  sin  6)  e-i6/2, 

so  that 

J  f(s')ds'  =  27tKK1+K4)  =  ^3  sin  |  .  (A6) 

C  n 

From  Eq.  (A4)  cos  d  =  l  -2 ??2.  The  simple 
identity, 

sin  j  =  y/(l  -  cos  6)/2  -  17 

may  be  used  to  evaluate  (A6)  as: 

f  f(s')ds'  =  _1_  .  (A7) 

Jc  2^7, 


I 


R 

R 


f(o>)  do)  - 


=  Limit 

R  -*  00 


f(s')  ds' 


considering  the  integral  on  the  right: 

Limit  |  f  f(  s  Hs 1 


(A9) 


=  Limit 
R  -*  00 


_ 7TR _ 

R4  -  2o)n2(l-2i72)R2  +  oo* 


°-  (A10) 


Since  |s'|  -»  r  when  C  is  on  CR.  Taking  the 
limit  in  (A9)  and  remembering  the  principal 
value  theorem: 


From  Fig.  A1  it  is  evident  that 


J  f(s')ds'  =  f  f(w)da) 

c  -  R 


l 


f(  co)  d co 


and  from  Eq.  (Al): 


+  /c/(5')ds'  *  (A8) 

where  CR  =  path  of  integration  along  the  semi¬ 
circle  of  radius  R.  Rearranging  this  equation, 
taking  the  absolute  value  of  letting  R  -*  co , 


j  I  H(  j «)  | 2  do,  =  — .  (All) 

Combining  (23)  and  (All),  the  noise  equivalent 
bandwidth  is  given  as: 

B  =  C02  -  Olj  =  TTCOnT).  (A12) 


Appendix  B 

SOLUTION  OF  AN  EXAMPLE  PROBLEM 


It  will  be  assumed  that  it  is  required  to 
test  a  missile  system’s  ability  to  withstand  vi¬ 
bratory  environments  associated  with  transport 
from  factory  to  the  tactical  position.  The  first 
items  to  be  determined  are: 

1.  A  definition  of  the  service  environment 
consisting  of  a  mean  squared  acceleration  den¬ 
sity  plot,  and 

2.  An  analysis  of  the  time  the  test  specimen 
is  exposed  to  the  service  environment,  ts. 

In  order  to  present  a  definite  example,  sup¬ 
pose  that  Fig.  B1  is  a  plot  of  [</>(  f )] 1/2 .  Also 
suppose  ts  =  1000  hours.  The  problem  now  is 
to  decide  how  much  we  wish  to  accelerate  the 
test.  Suppose  it  is  decided  to  accomplish  the 


laboratory  vibration  tests  in  20  hours.  Assum¬ 
ing  that  the  frequency  range  of  interest  is  be¬ 
tween  2  and  2000  cps,  we  may  apply  Eq.  (41)  to 
determine  the  minimum  elapsed  time  per  loga¬ 
rithmic  cycle  in  the  laboratory.  Repeating  Eq. 
(41), 

tf  =  [600  loge  (fu/fL)]/fL 

or,  substituting  for  fu  and  fL,  tf  2  2050  sec¬ 
onds.  Therefore,  we  select  tf  =  2400  seconds 
per  sweep  and  p  =  30  sweeps  to  obtain  a  labo¬ 
ratory  test  time  of  20  hours. 

A  qualitative  analysis  of  the  complex  struc¬ 
ture  must  be  accomplished  to  estimate  the  dis¬ 
tributions  of  a  and  17.  An  example  of  the  dis¬ 
tribution  of  a  for  a  number  of  different  materials 
in  a  hypothetical  situation  is  given  by  Table  Bl. 
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Fig.  B1  -  Plot  of  [i/< f 1/2  for 
hypothetical  problem 


TABLE  B1 

Tabulation  of  Fatigue  Characteristics 


aa 

— 

ab 

Percentage  of 
Components 
between 
aa  and  ab 

3.0 

5.0 

17 

5.0 

6.5 

5 

6.5 

8.5 

8 

8.5 

9.5 

10 

9.5 

10.5 

12 

10.5 

13.5 

15 

13.5 

18.5 

23 

18.5 

21.0 

5 

21.0 

25.0 

5 

In  order  to  utilize  the  digital  computer 
program,  the  cumulative  probability  distribu¬ 
tion  of  a  must  be  given  as  input  data.  Assum¬ 
ing  that  the  distribution  is  uniform  between  the 
given  values  of  aa  and  ab,  Table  B2  gives  the 
required  input  to  the  digital  computer  program. 
Notice  that  the  tabulation  is  given  in  terms  of 
equal  increments  of  the  cumulative  probability. 

It  is  recognized  that  a  fair  amount  of  engi¬ 
neering  effort  must  be  expended  to  determine 
the  data  given  in  Table  Bl.  In  order  to  utilize 
a  cumulative  damage  concept,  however,  an  esti¬ 
mate  of  the  fatigue  characteristics  of  the  struc¬ 
tural  elements  in  the  complex  test  specimen 
must  be  accomplished. 


TABLE  B2 

Cumulative  Probability  of 
Fatigue  Characteristics 


Cumulative  Probability 

a 

0.00 

3.00 

0.05 

3.59 

0.10 

4.18 

0.15 

4.76 

0.20 

5.90 

0.25 

7.25 

0.30 

8.50 

0.35 

9.00 

0.40 

9.50 

0.45 

9.92 

0.50 

10.33 

0.55 

11.10 

0.60 

11.90 

0.65 

13.10 

0.70 

14.15 

0.75 

15.29 

0.80 

16.32 

0.85 

17.40 

0.90 

18.50 

0.95 

21.00 

1.00 

25.00 

A  similar  method  must  be  used  to  estimate 
the  damping  characteristics  of  the  structural 
elements.  To  illustrate  a  slightly  different  ap¬ 
proach,  we  suppose  that  the  structure  is  of  such 
a  complex  nature  that  it  is  impractical  to  obtain 
a  reasonable  estimate  of  the  distribution  of  17. 
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Suppose,  however,  it  is  known  from  preliminary 
tests  that  the  resonant  amplification  factors 
(f  =  fn)  vary  between  5  and  50.  Then,  using 
the  damped  shock  spectrum  model,  the  limits 
of  17  would  be  expected  as  0.01  to  0.1.  If  we 
assume  a  "quasi-gaussian"  distribution  of  r) 
between  these  limits  with  mean  =  0.055,  a  table 
for  the  distribution  of  v  may  be  generated.  We 
define  the  "quasi-gaussian"  distribution  as  a 
truncated  gaussian  distribution  determined  by 
letting  7j  =  0.01  and  17  =  0.1  correspond  to 
cumulative  probabilities  P  =  0  and  P  =  1.0, 
respectively.  The  probability  intervals  between 
these  levels  are  then  adjusted  to  obtain  a  dis¬ 
tribution  very  close  to  gaussian.  Table  B3  is  a 
tabulation  of  the  '’quasi-gaussian"  distribution. 
It  is  possible  to  obtain  the  exact  normal  distri¬ 
bution  by  calculation;  however,  the  increased 
accuracy  is  not  warranted. 


TABLE  B4 

Statistical  Distribution  of  Re 
(1000  Points) 


Interval 

No. 

Limits  of 

Re  on 
Interval 

Percentage 

Of  Re 

within  Limits 

1 

.851  to  1.574 

7.3 

2 

1.574  to  2.298 

61.2 

3 

2.298  to  3.021 

11.9 

4 

3.021  to  3.745 

4.5 

5 

3.745  to  4.468 

4.7 

6 

4.468  to  5.191 

3.0 

7 

5.191  to  5.915 

2.6 

8 

5.915  to  6.638 

2.0 

9 

6.638  to  7.361 

1.3 

10 

7.361  to  8.085 

1.5 

TABLE  B3 

Cumulative  Probability  of 
Damping  Characteristics 


Cumulative  Probability 

17 

0.00 

0.0100 

0.05 

0.0303 

0.10 

0.0348 

0.15 

0.0395 

0.20 

0.0424 

0.25 

0.0449 

0.30 

0.0471 

0.35 

0.0492 

0.40 

0.0511 

0.45 

0.0531 

0.50 

0.0550 

0.55 

0.0552 

0.60 

0.0589 

0.65 

0.0601 

0.70 

0.0629 

0.75 

0.0651 

0.80 

0.0676 

0.85 

0.0705 

0.90 

0.0752 

0.95 

0.0797 

1.00 

0.1000 

The  test  engineer  must  select  a  value  of 
Re  from  the  distribution  of  Table  B4  to  conform 
to  the  level  of  risk  that  can  be  tolerated.  For 
example,  assuming  that  the  parameters  used  to 
generate  Table  B4  are  fairly  reliable,  a  value 
of  Re  =5.915  would  encompass  approximately 
95  percent  of  the  distribution  of  Re.  If  Re  = 
5.915  is  chosen  to  establish  the  laboratory  test, 
we  would  expect  that  approximately  95  percent 
of  the  elements  would  receive  at  least  the  same 
damage  from  the  laboratory  test  as  from  the 
service  environment.  Actually  only  those  val¬ 
ues  of  a  and  v  which  yield  Re  =  5.915  are 
tested  in  an  equivalent  way.  Approximately  95 
percent  of  the  structural  elements  are  over¬ 
tested  by  the  laboratory  test  and  5  percent  are 
undertested.  Selecting  Re  =  5.915  and  noting 
from  Eq.  (44)  that 

Re  =  at/[fn0(fn)]l/2  =  5.915.  (Bl) 


it  is  evident  that  Re  is  dependent  on  the  fre¬ 
quency  range  used  during  the  laboratory  test. 
This  has  been  specified  as  fn  (lower)  =  2  cps 
and  fn  (upper)  =  2000  cps.  Rearranging  Eq. 
(Bl)  as 


We  are  now  in  position  to  generate  the  dis¬ 
tribution  of  Re  as  given  by  Eq.  (44).  A  total  of 
1000  values  of  Re  were  calculated  utilizing  the 
distribution  of  a  and  v  given  in  Tables  B2  and 
B3.  As  mentioned  previously,  the  test  parame¬ 
ters  include  tf  =  2400  seconds,  t,  =  3.6  x  10 6 
seconds,  p  =  30,  fL  =  2  cps,  and  fu  =  2000  cps. 
The  distribution  of  Re  is  shown  in  Table  B4. 


1/2 


Mfn)]1/2 


=  (fn)  (5. 915)  . 


(B2) 


a  point  by  point  calculation  may  be  used  to  gen¬ 
erate  a  laboratory  vibration  test  level.  Using 
Fig.  Bl  to  derive  values  of  bfK  fn)] 1/2  and  Eq. 
(B2)  to  calculate  at  a  laboratory  test  level  is 
shown  in  Fig.  B2. 
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Frequency  (Cycles  per  Second) 
Fig.  B2  -  Vibration  test  level 


Here  the  a  t  has  been  drawn  as  a  constant 
from  50  to  2000  cps  to  yield  a  more  practical 
teyt  input. 

The  vibration  level  given  by  Fig.  B2  com¬ 
bined  with  the  logarithmic  frequency  sweep 
schedule  time  of  2400  seconds  between  2  and 
2000  cps  repeated  30  times  defines  the  labora¬ 
tory  vibration  test  in  one  of  the  three  orienta¬ 
tions  of  the  missile  system.  A  similar  proce¬ 
dure  is  necessary  for  the  derivation  of  laboratory 
test  inputs  to  the  adjacent  missile  axes.  In  the 
event  a  failure  occurs,  the  section  entitled 
’'Treatment  of  Laboratory  Test  Failures”  is 
applicable. 


DISCUSSION 


Dr.  Mains  (General  Electric):  You  refer  to 
a  logarithmic  sweep;  which  logarithmic  sweep? 
Any  exponential  sweep  rate  that  you  plot  is  lin¬ 
ear  on  log-log  paper.  You  can  also  put  any 
slope  on  it  that  you  wish.  Which  slope  did  you 
use  ? 

Mr.  Smith;  I  used  a  slope  corresponding 
to  my  time,  Tf.  I  used  semi-log  paper,  not 
log-log.  The  ordinate  was  frequency,  which  is 
logarithmic,  and  the  base  was  time  which,  of 
course,  was  linear.  Tf  started  from  zero  and 
went  to  2400  seconds,  the  frequency  limit  being 
2  to  2000  cycles  per  second.  This  automatically 
fixes  the  slope  and  adjusts  the  sweep.  This  is 
very  important  because  if  the  slope  is  too  great, 
the  model  elements  will  not  respond  to  the  pre¬ 
dicted  steady- state  calculations. 

Dr.  Mains:  You  use  a  straight  line  on 
semi-log  paper  ? 

Mr.  Smith:  Yes. 

Mr.  Winans  (University  of  Pittsburgh):  It 
is  my  understanding  that  this  work  is  based  upon 
Miner's  cumulative  damage  law.  Were  any  of 
the  other  more  sophisticated  rules  of  cumulative 


damage  looked  into,  such  as  Freudenthal's 
work? 

Mr.  Smith:  I  did  look  into  the  other  theo¬ 
ries  concerning  cumulative  damage  on  fatigue 
specimens.  I  felt  that  since  we  had  all  these 
other  approximations  involved,  Miner's  work 
was  as  good  as  any. 

Mr.  Bowman  (Jet  Propulsion  Laboratory): 
What  was  the  significance  of  the  shock  spectrum 
analysis  ? 

Mr.  Smith;  We  used  the  shock  spectrum 
here  as  our  mathematical  model  in  deriving  an 
equivalent  test.  We  calculate  the  response  of 
this  model  to  some  pulse,  and  compare  this  with 
the  shock  spectrum  associated  with  some  sort 
of  transient  that  we  observe  in  service.  It's 
essentially  the  same  thing  that  I  did  here.  I 
used  the  shock  spectrum  model  and  compared 
it  with  the  damage  associated  with  the  labora¬ 
tory  test  and  service  environment. 

Mr.  Bowman:  Is  this  for  transient  data? 

Mr.  Smith:  The  formula  that  I  gave  is  good 
for  an  arbitrary  input.  It  may  be  transient, 
steady-state,  or  any  input  you  wish  as  long  as 
it’s  mathematically  well  behaved. 


♦ 
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MEASUREMENT  OF  EQUIPMENT  VIBRATIONS  IN  THE  FIELD 
AS  A  HELP  FOR  DETERMINING  VIBRATION  SPECIFICATIONS 


I.  Vigness 

U.S.  Naval  Research  Laboratory 


The  limitations  of  current  methods  of  translating  field  vibration  data 
into  specifications  are  discussed.  It  is  shown  that  in  many  cases  an 
overtest  may  result.  Several  practical  solutions  to  the  problem  are 
suggested,  one  of  which  is  to  make  measurements  of  the  response  of 
structures  in  the  field. 


INTRODUCTION 

It  is  customary  to  base  shock  and  vibration 
specifications  on  measurements  of  field  envi¬ 
ronments.  The  measurements  are  made  on 
structural  members  and  represent  inputs  to 
equipment  mounting  points.  The  environments 
are  expected  to  represent  conditions  similar  to 
those  that  an  equipment  might  encoxinter  during 
its  eventual  life.  To  obtain  information  about 
the  environment,  large  numbers  of  measure¬ 
ments  are  made,  enough  to  be  statistically  sig¬ 
nificant.  These  measurements  are  usually 
analyzed  in  terms  of  Fourier  or  shock  spectra. 
Envelopes  are  drawn  which  include  most  of 
these  spectral  values,  and  specifications  are 
based  on  the  envelope  values.  The  equipment 
will  then  be  tested  to  the  specification,  which 
represents  the  worst  of  actual  measured  field 
conditions  at  locations  similar  to  those  where 
the  item  will  be  used.  At  first  glance  nothing 
could  appear  more  reasonable  than  to  require 
that  an  item  be  able  to  withstand  shock  and  vi¬ 
bration  levels  at  least  as  great  as  those  known 
to  exist  at  locations  where  the  item  will  be 
used.  Unfortunately  life  is  neither  simple  nor 
reasonable,  and  oftentimes  neither  is  this  re¬ 
quirement. 

This  approach  takes  no  account  of  the  re¬ 
action  of  the  item  on  its  foundation.  It  requires 
that  the  foundation  motion  be  maintained  at 
specified  levels  regardless  of  this  reaction. 
This  does  not  happen  in  the  field.  When  the 
item  reaction  is  large  the  foundation  motion  is 
small.  This  causes  those  components  of  the 
motion,  which  are  most  likely  to  cause  damage, 
to  be  consistently  at  lower  amplitudes  than  the 
average  level.  If  the  tests  are  performed  at 


fixed  levels,  regardless  of  equipment  reaction, 
they  may  result  in  the  unnecessary  destruction 
of  the  equipment  or  of  the  test  machine. 


HYPOTHETICAL  EXAMPLE  OF 
OVERTEST  CAUSED  BY  "EN¬ 
VELOPE”  SPECIFICATION 
TESTING 

Consider  an  item,  m,  shown  in  Fig.  1, 
mounted  on  a  foundation  M .  The  foundation 
contains  a  source  of  vibration,  say  an  unbal¬ 
anced  rotating  mass,  that  generates  a  force  in 
a  certain  direction  which  is  equal  to 


F  =  F_  — -  sin  cut  . 

"o 

The  force  is  made  to  vary  as  the  square  of  the 
frequency  to  account  for  the  variation  of  cen¬ 
trifugal  force  with  frequency. 

If  the  item,  m,  were  not  attached,  the  foun¬ 
dation  (  a  rigid  mass  subjected  to  no  other 
forces)  would  vibrate  at  a  constant  displace¬ 
ment  amplitude  at  all  frequencies.  Assume 
that  under  this  condition  the  amplitude  is  nor¬ 
malized  equal  to  unity.  This  is  represented  by 
the  straight  line  of  unity  value  in  Fig.  1.  Let 
the  item,  m,  now  be  attached  to  M  by  means  of 
a  linear  flexible  system  that  includes  a  known 
amount  of  viscous  type  damping.  For  a  mass 
m  equal  to  M,  and  for  5  percent  of  critical 
damping,  the  foundation  motion  will  be  as  shown 
by  curve  B.  The  usual  amplification  curve  for 
a  single-degree-of -freedom  system  with  this 
amount  of  damping  is  shown  on  curve  R.  The 
amplitude  of  vibration  of  m  can  be  obtained  by 
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multiplying  the  ordinate  values  of  curves  R  and 
B  for  any  particular  frequency. 

If  a  large  number  of  field  measurements 
were  made  involving  many  such  systems  such 
as  are  shown  in  Fig.  1,  and  if  the  frequencies 
of  the  systems  could  be  any  value  over  a  rela¬ 
tively  wide  range,  then  we  would  have  a  scatter 
diagram  of  vibration  amplitudes  such  as  is 
shown  in  Fig.  2.  The  maximum  amplitude  would 
be  3.25  which  is  the  peak  of  curve  B  in  Fig.  1, 
and  the  minimum  value  would  be  0.1,  which  is 
the  smallest  value  of  curve  B.  Specifications 
would  then  require  an  amplitude  of  vibration  at 
least  as  great  as  3.25  (the  envelope  value)  over 
the  frequency  range  covered. 

Now  the  actual  amplitudes  of  vibration  that 
item  m  experiences  in  the  field,  for  our  exam¬ 
ple  are  shown  as  curve  D  on  Fig.  3.  This  is 
the  product  of  the  ordinates  of  curves  R  and  B 
of  Fig.  1  for  corresponding  abscissae.  The 
actual  vibration  amplitudes  of  the  item  vibrated 
according  to  the  envelope  specification  are 
shown  on  curve  E  of  the  same  figure.  This 
specification  merely  requires  that  the  test  am¬ 
plitude  be  as  great  as  the  maximum  amplitudes 
observed  in  the  field.  But  for  the  hypothetical 
case  illustrated  this  results  in  the  item  vibrat¬ 
ing  at  an  amplitude  almost  30  times  greater 
under  the  test  condition  than  under  the  field 
condition. 


Figure  2 


Figure  3 


Obviously  an  extreme  situation  has  been 
used  in  order  to  illustrate  a  principle.  It  is  not 
implied  that  what  has  been  said  should  permit 
any  general  relaxation  of  specifications.  There 
may  be  tests,  however,  for  a  few  items  where 
study  may  be  warranted  to  determine  if  the 
specifications  are  reasonable.  Specifications 
should  not  be  relaxed  until  it  has  been  shown 
that  they  are  unreasonable,  and  that  it  is  im¬ 
practical  to  comply  with  them.  Not  enough  is 
known  about  the  behavior  of  an  equipment  in  its 
true  eventual  environment  to  permit  acceptance 
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of  an  equipment  if  it  can  be  made  better  without 
great  penalties  in  weight  or  cost. 

The  illustration  has  been  given  for  sinus¬ 
oidal  excitations.  The  problem  exists  as  well 
for  random  vibration  and  for  shock. 


PRACTICAL  SOLUTION  OF  PROBLEM 

One  practical  solution  to  this  problem  is 
to  equalize  the  vibration  machine  with  a  dead¬ 
weight  load  and  to  merely  require  for  the  live 
weight  equipment  load  that  the  amplitude  value, 
averaged  over  a  fairly  wide  frequency  range, 
be  maintained  at  a  specified  level.  This  would 
still  be  a  conservative  test  (assuming  the  me¬ 
chanical  impedance,  or  effective  mass,  of  the 
vibration  machine  armature  to  be  at  least  as 
great  as  the  foundation)  as  we  are  basing  our 
average  value  on  the  resonant-peak  field  value. 

Another  solution  based  on  mechanical  im¬ 
pedance  measurements  is  possible.  This  would 
require  that  the  vibration  amplitudes  of  the 
foundation  be  determined  together  with  the  me¬ 
chanical  impedance  of  the  foundation  and  of  the 
mounted  item  as  viewed  by  the  foundation.  This 
procedure  could  be  followed  for  specific  cases, 
but  appears  to  be  impractical  for  general  field 
vibration  studies. 

A  third  approach  is  suggested  as  an  addi¬ 
tional  possible  solution.  Instead  of  relying  only 
on  a  statistical  array  of  foundation  motions  for 
the  derivation  of  specifications,  a  statistical 
assembly  of  equipment  responses  should  addi¬ 
tionally  be  obtained.  In  general,  subject  to  many 
qualifications,  specifications  would  permit  the 


input  to  be  decreased  in  certain  frequency  re¬ 
gions  where  equipment  responses  are  consider¬ 
ably  in  excess  of  the  envelop  of  such  responses 
determined  from  field  measurements. 

Specifically  the  method  would  require: 

1.  Measurements  of  the  amplitudes  of  vi¬ 
brations  of  equipment  as  well  as  the  amplitudes 
of  the  foundations  on  which  they  are  mounted. 
Generally  a  point  on  an  equipment  would  be  se¬ 
lected  which  had  the  greatest  amplitude,  and 
measurements  would  be  taken  in  the  direction 
of  greatest  amplitude.  Enough  measurements 
must  be  taken  of  a  sufficient  number  of  different 
items  so  as  to  obtain  a  statistically  significant 
sample. 

2.  Categorize  the  equipment  as  to  mounting 
method  (flexible  or  solid  mounts),  weight,  and 
foundation  structure.  The  latter  would  be  very 
general,  but  should  distinguish  at  least  between 
a  ship  and  a  missile. 

3.  From  this  statistical  study  of  equipment 
vibrations  set  an  upper  limit  (envelope  curve) 
of  equipment  vibration  amplitudes  for  vibration 
tests.  If  resonances  occur  which  cause  the 
equipment  to  vibrate  at  amplitudes  in  excess  of 
those  observed  in  the  field,  for  its  category,  the 
excitation  amplitude  would  be  reduced  until  this 
is  no  longer  the  case. 

The  test  engineer  must  be  permitted  to  ex¬ 
ercise  his  judgement  as  to  the  category  of  the 
equipment.  He  must  pass  judgement  as  to 
whether  the  vibration  characteristics  of  the 
equipment,  as  mounted,  are  so  unusual  that  the 
field  data  are  inapplicable. 


* 
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DETERMINATION  OF  AN  OPTIMUM  VIBRATION  ACCEPTANCE  TEST 


G.  J.  Haeslacher,  III  and  H.  L.  Murray 
General  Electric  Company 
Utica,  New  Y ork 


A  method  of  determining  an  optimum  vibration  acceptance  test  specifi¬ 
cation  for  aerospace  electronic  equipment  is  described.  Electronic 
equipments  are  subjected  to  repeated  test  sequences  at  given  levels 
until  failure  occurs.  Data  thus  produced  will  yield  an  acceptance  level 
which  will  not  fatigue  the  equipment.  A  discussion  of  the  related  sta¬ 
tistical  and  reliability  problem  is  presented. 


The  acceptance  test  plays  an  increasingly 
important  part  in  the  military  and  space  elec¬ 
tronics  industry.  In  many  instances  the  accept¬ 
ance  test  may  be  the  key  to  success  or  failure 
of  a  mission.  For  the  purposes  of  this  paper 
the  acceptance  test  is  defined  as  a  test  or  series 
of  tests  to  which  all  deliverable  equipments  are 
subjected  to  insure  they  are  representative  of 
the  design,  free  of  defects,  and  meet  certain 
acceptance  standards.  The  concern  of  this  paper 
is  with  the  vibration  portion  of  these  tests.  The 
performance  of  the  acceptance  test  can,  of  itself, 
reduce,  or  even  increase,  the  probable  life  of 
the  equipment.  If  the  vibration  acceptance  test 
is  run  at  a  level  above  the  endurance  limit  of 
the  equipment,  the  resultant  fatigue  damage  re¬ 
duces  the  useful  life  of  the  unit.  On  the  other 
hand  if  the  acceptance  test  rejects  a  defective 
unit  the  overall  reliability  of  the  equipment  is 
increased.  This  paper  is  concerned  with  one 
approach  to  the  problem  of  determining  an  ac¬ 
ceptance  test  which  minimizes  or  eliminates 
fatigue  damage  and  maximizes  the  detection  of 
defects. 

For  our  purposes  we  shall  define  the  ideal 
acceptance  test  as  having  the  following  charac¬ 
teristics: 

1.  The  test  should  not  reduce  the  life  or 
reliability  of  the  equipment; 

2.  The  test  should  detect  all  defects  or 
design  deviations;  and 

3.  The  test  should  be  representative  of  the 
typical  mission  environment. 

This  ideal  acceptance  test  is  probably  an  un¬ 
attainable  goal.  Any  operation  of  the  equipment 


expends  some  of  its  useful  life.  At  the  same 
time  it  is  certain  that  no  test  can  detect  all  de¬ 
fects  or  design  deviations.  These  first  two 
characteristics,  however,  are  approachable 
goals  and  certainly  form  the  basis  of  the  ideal 
test.  The  third  characteristic,  simulation  of 
mission  environment,  is  not  necessary  but  is 
desirable.  If  the  acceptance  test  is  representa¬ 
tive  of  a  typical  mission  and  if  the  acceptance 
test  level  has  been  determined  by  the  method 
described  herein  there  is  added  confidence 
(both  psychological  and  statistical)  that  the 
equipment  has  the  desired  reliability. 

Any  study  involving  determination  of  reli¬ 
ability  must  concern  itself  with  failures.  For 
the  present  study,  failure  is  defined  in  terms  of 
equipment  operation.  Any  deviation  from  ac¬ 
ceptable  performance  standards  is  defined  as  a 
failure.  All  failures  were  further  divided  into 
two  classifications  —  none ritical  and  critical 
failures.  A  critical  failure  is  one  which  would 
jeopardize  mission  success;  and  a  noncritical 
failure  would  not  endanger  mission  success. 

For  the  purposes  of  acceptance  test  criteria  all 
failures  were  classified  according  to  cause  of 
failure  as  follows: 

1.  Manufacturing  or  component  defects; 

2.  Fatigue  failures  or  equipment  wear  out; 

and 

3.  All  other  failures  (random  failures). 

Manufacturing  or  component  defects  are  the 
result  of  the  manufacturing  process  and  not  the 
design.  Typical  defects  in  this  category  are  un¬ 
soldered  or  poorly  soldered  wires,  wires  nicked 
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during  stripping,  machining  chips,  components 
which  short  or  open  during  vibration,  and  simi¬ 
lar  defects  that  are  not  part  of  the  design.  It  is 
these  defects  that  the  acceptance  test  is  designed 
to  detect.  Fatigue  failures  should  not  occur  in 
normal  use  with  well-designed  equipment.  Con¬ 
tinual  use  of  equipment  beyond  its  normal  life 
will  result  in  failure  due  primarily  to  time.  Such 
failures  include  mechanical  fatigue  of  wires  and 
leads,  wear-out  of  moving  parts,  filament  failure 
due  to  repeated  use,  and  similar  failures.  An 
improper  acceptance  test  can  cause  fatigue  dam¬ 
age  even  in  well-designed  equipment.  For  ex¬ 
ample,  missile  equipment  with  a  flight  time 
measured  in  seconds  or  minutes  spends  more 
time  in  acceptance  test  than  in  flight.  Even  the 
best  designed  equipment  will  have  failures  that 
cannot  be  attributed  to  fatigue  or  to  production 
defects.  Such  failures  are  generally  random 
and  actually  constitute  the  ultimate  reliability  of 
the  equipment.  If  the  acceptance  test  can  detect 
all  failures  of  the  first  kind  —  production  defects  — 
and  does  not  introduce  failures  due  to  fatigue, 
the  maximum  reliability  of  the  equipment  can 
be  achieved. 

The  curves  of  Fig.  1  illustrate  the  problem 
we  are  trying  to  resolve.  As  the  acceptance  test 
level  is  increased  the  number  of  defects  detected 
increases.  This  will  result  in  improved  relia¬ 
bility.  The  fatigue  curve,  however,  shows  that 
as  the  acceptance  level  increases  the  fatigue 
life  decreases,  and  there  is  a  consequent  loss 
in  reliability.  The  optimum  vibration  acceptance 
level  which  is  being  sought  is  one  which  maxi¬ 
mizes  defect  detection  and  minimizes  fatigue 
damage.  The  reliability  curve  shows  what  is 
believed  to  be  the  overall  effect.  The  reliability 
increases  with  acceptance  test  level  and  reaches 
a  maximum  at  some  point.  The  problem  is  to 
define  that  optimum  level. 

It  should  be  noted  here  that  an  added  factor 
in  the  problem  is  that  the  procedure  in  acceptance 


Fig.  1  -  Acceptance  level 


testing  is  to  repair  or  replace  defective  ele  ¬ 
ments  and  repeat  the  acceptance.  Also,  if  the 
unit  requires  repair  or  modification  before  ac¬ 
tual  use  it  must  be  subjected  again  to  an  accept¬ 
ance  test.  The  number  of  acceptance  tests  to 
which  an  equipment  may  be  subjected  during  its 
life  may  result  in  vibration  exposure  many 
times  as  long  as  its  actual  flight  life. 

In  the  course  of  this  discussion  a  number 
of  assumptions  have  been  expressed  or  implied. 
At  this  point  many  of  these  are  worth  listing 
and  discussing. 

1.  Defect  detection  improves  with  in¬ 
creased  acceptance  test  level. 

2.  Repeated  tests  of  one  unit  equals  single 
tests  of  many  units. 

3.  Failures  may  be  identified  and  classified. 

4.  Repair  of  units  does  not  shorten  or 
lengthen  life. 

5.  Electronic  equipment  under  vibration 
does  exhibit  "fatigue”  failure. 

6.  Failures  are  a  function  of  level  only. 

The  most  important  of  these  is  the  assump¬ 
tion  that  increasing  acceptance  test  level  will 
increase  the  detection  of  defects.  In  order  to 
investigate  this  assumption  the  results  of  two 
evaluation  programs  have  been  analyzed.  In 
these  programs  electronic  systems  have  been 
subjected  to  repeated  "flights"  or  missions. 
Failures  were  defined  as  any  deviation  from 
required  operating  specification.  Some  failures 
occurred  only  during  actual  vibration.  During 
this  evaluation  testing  which  consisted  of  hun¬ 
dreds  of  simulated  missions,  eleven  failures 
occurred.  Of  these  eleven  failures,  seven  could 
be  detected  only  under  high  level  vibration. 

These  seven  failures  or  defects  could  not  be 
detected  at  the  previously  used  acceptance  test 
levels .  A  new  higher  level  would  have  found 
these  defects  and  improved  the  MTBF  of  the 
equipment  by  a  factor  of  2.75.  During  this  and 
subsequent  evaluation  programs,  many  hundreds 
of  simulated  missions  with  the  same  type  sys¬ 
tem  have  shown  that  the  majority  of  the  failures 
cannot  be  detected  except  at  higher  vibration 
levels.  During  a  recent  evaluation  program 
four  systems  were  acceptance  tested  at  the  new 
higher  acceptance  level.  The  systems  were 
then  subjected  to  another  acceptance  test  at 
twice  this  level  and  two  manufacturing  defects 
were  uncovered.  A  more  vivid,  but  less  sci¬ 
entific,  illustration  was  uncovered  by  accident. 
One  of  the  evaluation  systems  which  had  been 
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subjected  to  hundreds  of  ’’flights"  at  the  old  low 
acceptance  level  was  used  for  an  engineering 
evaluation  at  higher  levels.  At  the  first  appli¬ 
cation  of  the  high  level  vibration  the  equipment 
failed.  The  source  of  failure  was  an  unsoldered 
joint. 

Another  assumption  that  is  somewhat  more 
difficult  to  justify  is  that  repeated  flights  of  one 
equipment  are  equivalent  to  single  flights  of 
many  equipments.  If  there  are  no  fatigue  fail¬ 
ures  —  any  failure  due  to  repeated  stresses  — 
this  assumption  is  valid.  In  determining  reli¬ 
ability  from  repeated  flights  any  fatigue  failures 
are  censored  out.  It  might  be  noted  here  that 
for  the  purpose  of  determining  fatigue  levels  all 
non-fatigue  or  random  failures  must  be  censored 
from  the  data. 

All  of  this  discussion  leads  to  the  question 
of  whether  it  is  possible  to  separate  failures 
into  such  categories  as  random,  fatigue,  or  de¬ 
sign  failures.  Here  we  must  rely  on  engineering 
judgment  and  extensive  analysis.  Some  failures 
are  rather  obvious,  such  as,  unsoldered  joints, 
failures  at  first  excitation,  and  shorts  between 
elements  with  no  mechanical  damage  (all  ran¬ 
dom  failures  or  manufacturing  defects).  Broken 
wires  after  extensive  vibration,  any  element 
with  mechanical  damage  after  repeated  excita¬ 
tion,  and  similar  failures  are  due  to  fatigue.  In 
summary  it  is  only  after  careful  analysis  by 
several  experts  that  we  can  assign  a  classifica¬ 
tion  to  a  failure.  Even  after  this  classification, 
additional  thought  must  be  given  to  the  problem 
before  a  failure  is  censored  from  data. 

Since  the  units  used  in  these  evaluation 
programs  were  repaired  whenever  a  failure  . 
occurred  there  is  some  question  of  whether  the 
repair  affected  the  life  of  the  equipment.  The 
justification  for  assuming  that  repairs  do  not 
affect  equipment  life  is  simply  that  these  repairs 
are  the  same  as  one  encounters  on  the  produc¬ 
tion  line  when  a  unit  electrical  test  shows  a 
defect.  The  repairs  during  the  program  are  no 
different  from  those  made  on  new  equipments 
during  production. 

The  question  of  whether  electronic  equip¬ 
ment  exhibits  "fatigue"  failure  is  partly  a  prob¬ 
lem  of  definition.  If  "fatigue"  behavior  is  defined 
as  a  time  dependent  failure  that  follows  the  pat¬ 
tern  of  classical  fatigue  failure  when  level  vs 
time  are  plotted  on  log-log  coordinates  then  the 
results  of  this  evaluation  will  speak  for  them¬ 
selves.  Some  mechanical  failures  during  this 
program  have  been  isolated  and  examined  mi¬ 
croscopically.  These  failures  show  the  classical 
fatigue  failure  pattern.  These  add  further  weight 
to  the  assumption  of  "fatigue"  failure  in  elec¬ 
tronic  equipment. 


That  failures  are  a  function  of  level  only 
is  not  basically  correct.  The  response  of  a 
single -degree -of -freedom -system  to  random 
vibration,  however,  can  be  shown  to  be  rela¬ 
tively  independent  of  spectral  shape  variation 
as  long  as  the  general  frequency  range  is  the 
same.  The  shapes  used  in  these  studies  were 
generally  the  same  and  the  slight  variations 
should  not  affect  the  results  greatly. 

In  determining  a  vibration  acceptance  test 
one  of  the  first  decisions  is  the  choice  between 
random,  sine,  or  random  plus  sine  vibration. 

It  is  not  the  purpose  of  this  paper  to  discuss 
the  relative  merits  of  the  various  types  of  vi¬ 
bration  testing.  Random  vibration  has  been 
used  for  these  acceptance  tests  since  the  vibra¬ 
tion  in  missiles  is  typically  random.  In  addi¬ 
tion,  a  random  vibration  test,  for  equivalent 
excitation  of  all  elements,  takes  less  time  than 
a  sine  test.  The  random  vibration  spectral 
shapes  were  derived  from  flight  data.  In  Fig.  2 
the  three  basic  frequency  spectra  are  shown. 

The  first  is  a  sinusoidal  test,  the  second  the 
Phase  I  low-level  random  spectrum,  and  the 
third  the  Phase  II  high-level  random  spectrum. 
The  difference  between  Phase  I  and  Phase  II 
vibration  spectra  is  the  result  of  additional 
flight  data  obtained  during  the  time  between 
Phase  I  and  Phase  II.  Recent  flight  data  indi¬ 
cate  that  the  second  shape  is  most  typical  of 
current  missile  vibration. 

The  evaluation  program  from  which  the 
data  on  fatigue  were  obtained  was  conducted  in 
the  following  manner.  Identical  units  of  missile 
equipment  were  selected  for  the  program.  Seven 
samples  of  three  different  packages  were  used 
but  data  for  only  two  of  the  packages  are  pre¬ 
sented  here.  The  results  for  the  third  package 
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Fig.  2  -  Vibration  spectra 
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have  not  been  presented  for  the  simple  reason 
that  there  were  no  significant  failures  of  this 
unit.  Each  sample  was  subjected  to  repeated 
simulated  "flights"  or  acceptance  tests.  A 
"flight"  consists  of  pre-vibration  electrical 
test,  application  of  vibration  with  electrical 
exercise  of  the  package  and  post  vibration  elec¬ 
trical  test.  Failures  were  defined  in  the  follow¬ 
ing  manner: 

1.  Critical  failures  —  failures  or  deviation 
in  performance  that  would  affect  mission  per¬ 
formance  . 

2.  Noncritical  failure  —  deviation  in  per¬ 
formance  or  measured  parameters  that  would 
not  affect  mission  performance. 

All  failures  were  investigated  and  the  com¬ 
ponent  or  other  defect  found  and  repaired  before 
proceeding. 

The  program  was  actually  accomplished  in 
two  phases.  After  the  completion  of  the  first 
phase,  which  was  basically  a  reliability  program, 
the  need  for  further  work  on  fatigue  was  recog¬ 
nized. 

The  results  of  the  Phase  I  program  that 
pertain  to  the  fatigue  and  acceptance  test  prob¬ 
lem  are  shown  in  Figs.  3  and  4.  In  determining 
reliability  from  repeated  tests  of  the  same  equip¬ 
ment  the  fatigue  failures  should  be  censored 
from  the  reliability  data.  The  plotting  of  these 
censored  data,  the  fatigue-failures,  revealed  an 
interesting  pattern.  At  the  0.308  vibration  level 
there  were  no  fatigue  failures.  This  same  sys¬ 
tem  was  run  at  the  2.20  level  and  the  first  fatigue 
failure  was  noted  at  0.22  time  units  for  unit  A 


and  0.51  time  units  for  unit  B.  A  second  system 
was  run  at  the  2.20  level  and  fatigue  occurred 
in  both  units  at  0.23  time  units.  The  third  sys¬ 
tem  was  subjected  to  the  0.923  acceleration  level 
and  the  first  fatigue  failure  of  unit  A  occurred 
at  6.50  time  units  and  of  unit  B  at  4.35  time  units. 

A  time  unit  of  1  represents  an  arbitrary 
safety  limit  on  equipment  life.  The  acceleration 
unit  of  1  represents  an  acceptance  test  level 
goal.  The  results  shown  in  Figs.  3  and  4  show 
no  fatigue  failures  in  the  region  bounded  by 
these  limits.  Assuming  that  the  acceleration- 
level-versus-fatigue-life  curve  follows  a 
straight  lino  in  a  10-g  log  plot,  we  see  that  a 
reasonable  level  without  fatigue  for  acceptance 
tests  is  somewhere  in  the  region  of  1.5  to  1.7 
acceleration  units. 

These  results  indicated  that  increased  ac¬ 
ceptance  test  levels  would  be  both  profitable 
and  possible.  The  evaluation  program  was  con¬ 
tinued  with  the  objective  of  gaining  further  data 
in  the  region  between  levels  1.0  and  2.0.  Four 
additional  samples  were  added  to  the  program. 
Two  samples  were  run  at  the  2.05  level,  one  at 
the  1.88  level  and  one  at  1.72  level.  The  results 
of  this  second  phase  are  shown  in  Figs.  5  and  6 
along  with  the  first  phase  results.  The  first 
fatigue  failures  occur  at  0.44  and  0.59  time 
units  for  the  2.05  level  on  unit  A,  and  0.44  for 
unit  B.  One  sample  of  unit  B  has  gone  0.60 
time  units  without  failure.  The  first  fatigue 
failure  at  the  1.88  level  occurred  at  1.8  for  A 
and  2.6  for  B. 

From  the  curves  of  Figs.  5  and  6,  the  best 
acceptance  test  level  can  be  determined.  The 
data  do  not  automatically  set  a  level  without 
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Fig.  3  -  Phase  I,  Unit  A;  failures  in  repeated  tests 
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TIME  (NON-DIMENSIONAL) 

Fig.  4  -  Phase  I,  Unit  B;  failures  in  repeated  tests 


_  -  ,0 
TIME  (NON-DIMENSIONAL) 

Fig.  5  -  Unit  A;  failures  in  repeated  tests 


Fig.  6  -  Unit  B;  failures  in  repeated  tests 
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some  information  on  the  expected  equipment 
life.  If  the  equipment  is  single  mission  equip¬ 
ment  (missile  or  spacecraft)  the  expected  life 
includes  the  mission  time  plus  all  acceptance 
test  vibration.  For  multi-mission  equipment 
the  acceptance  test  vibration  is  usually  negli¬ 
gible.  To  this  expected  life  must  be  added 
some  factor  of  safety.  With  this  established, 
in  our  case  1  time  unit,  the  allowable  acceptance 
test  level  is  easily  determined.  The  level  se¬ 
lected  here  is  1.8  acceleration  units. 

The  results  of  this  study  have  led  to  sev¬ 
eral  important  conclusions.  There  is  definite 
evidence  that  manufacturing  defects  are  missed 
by  low  level  acceptance  tests.  If  these  defects 
are  not  uncovered  the  reliability  of  the  equip¬ 
ment  is  reduced.  On  the  other  hand  it  has  been 
shown  that  these  defects  are  uncovered  by 
higher  acceptance  test  levels.  It  has  also  been 
shown  that  fatigue  does  occur,  as  one  would  ex¬ 
pect,  but  the  fatigue  is  not  haphazard.  It  follows 
a  definite  pattern  consistent  with  fatigue  theory 
and  is  reasonably  predictable.  A  vibration  ac¬ 
ceptance  test  level  can  be  determined  that  will 
not  reduce  the  life  of  the  equipment  and  will 


increase  reliability  by  detecting  manufactur¬ 
ing  defects. 

Perhaps  the  most  important  point  to  be 
made  here  is  that  the  acceptance  does  affect 
equipment  reliability.  Arbitrary  establishment 
of  vibration  acceptance  tests  without  regard  to 
fatigue  or  the  effectiveness  of  the  tests  can  do 
more  harm  than  good. 

There  is  still  much  work  to  be  done  in  this 
general  area  of  acceptance  test  and  fatigue. 

The  most  important  task  is  the  verification, 
both  analytically  and  experimentally,  of  the  fa¬ 
tigue  curve  for  real  equipments  subjected  to 
random  vibration. 

Failure  analysis  is,  at  the  moment,  pri¬ 
marily  a  matter  of  opinion.  In  this  area  more 
careful  investigations  of  failures  and  causes  of 
failures  can  aid  both  the  present  problem  and 
the  general  problem  of  reliability.  One  question 
to  be  answered  is  whether  random  failures  do 
exist.  Until  more  work  is  done  in  this  and 
similar  areas  the  question  of  what  is  the  opti¬ 
mum  acceptance  test  must  remain  open. 


DISCUSSION 


Mr.  Callahan  (McDonnell  Aircraft  Corp.): 
You  used  the  term  "typical  mission  environ- 
ment."  Are  you  suggesting  that  the  acceptance 
tests  on  new  units  be  the  actual  expected  envi¬ 
ronment  in  each  of  the  three  axes  for  the  time 
duration  on  the  flight  ? 

Dr.  Hasslacher:  The  units  I  am  talking 
about  are  subjected  to  many,  many  environments 
on  many  different  vehicles  under  many  different 
conditions.  What  I  suggest  by  typical  is  that  it 
have  the  spectrum  shape.  I  would  be  delighted 
if  it  could  be  at  the  level  of  the  mission.  If  the 
actual  level  were  10  g  rms  with  hay  stack  shape, 
I  would  like  the  acceptance  test  to  be  at  that 
level  because  it  would  give  me  added  confidence. 

Mr.  Callahan:  Have  you  done  this  on  any 
other  systems  ?  Do  you  have  any  additional 
background?  We  build  some  spacecraft  where 
the  whole  production  run  is  12  units.  You  set 
seven  or  nine  units  to  determine  the  acceptance 
test.  Naturally  we  can't  do  that. 

Dr.  Hasslacher;  Right,  if  I  knew  the  fa¬ 
tigue  behavior,  I  could  extrapolate  with  more 
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intelligence  from  the  qualification  test  levels 
and  come  up  with  an  acceptance  test  level  that 
was  high  enough,  but  still  low  enough  to  avoid 
fatigue.  There  is  a  lot  of  work  to  be  done  in  this 
area,  and  I  hope  it  will  be  possible  to  do  this 
eventually  without  all  this  testing.  Right  now, 
we  are  fortunate.  I  can  get  the  equipment. 

Mr.  Callahan:  If  you  are  suggesting  a  full 
typical  mission  in  each  of  the  three  planes, 
what  do  you  do  in  case  of  retest?  Do  you  say 
that  you  can  repeat  this  time  after  time  until 
you  get  the  thing  to  pass  the  test  in  each  of 
three  planes  without  any  trouble  ?  What  is  your 
criterion  for  acceptance  in  the  acceptance  test? 

Mr.  Hasslacher:  The  criterion  for  accept¬ 
ance  would  have  to  be  set  up  by  agreement.  My 
own  feeling  would  be  that  you  should  get  the 
equipment  to  pass  completely  your  acceptance 
test  in  the  three  directions.  If  you  have  a  good 
acceptance  test  setup,  the  level  is  high  enough 
so  that  you  get  the  defects  but  low  enough  so 
that  you  will  not  fatigue  the  item  even  though 
the  test  is  repeated  18  or  20  times  to  get  it 
through.  It  can  be  done. 


* 
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VIBRATION  TESTS,  AN  ESTIMATE  OF  RELIABILITY 


J.  L.  Rogers 
Martin  Company 
Denver,  Colorado 


This  paper  discusses  the  use  of  vibration  tests  as  a  tool  in  the  evalua¬ 
tion  of  component  reliability.  Test  data  will  be  presented  to  show  how 
raw  data  are  tabulated,  reduced,  and  illustrated.  Examples  of  correla¬ 
tion  between  flight-test-measured  reliability  and  estimates  from  vibra¬ 
tion  tests  will  be  shown. 


SCOPE 

Most  Flight  Certification  and  Qualification 
Test  Programs  have  certain  deficiencies  which 
can  be  overcome  in  a  well  integrated  test  pro¬ 
gram.  These  deficiencies  are: 

1.  The  tests  yield  no  margin  of  safety 
(reliability)  data. 

2.  The  tests  yield  insufficient  life  data. 

3.  The  overall  test  program  on  a  given 
component  is  not  integrated,  resulting  in 
redundant  testing  and  increased  costs. 

4.  The  tests  provide  no  real  basis  for  es¬ 
tablishing  the  reliability  of  each  critical  com¬ 
ponent. 

5.  A  non -integrated  test  program  besides 
being  costly,  yields  information  too  late  in  the 
program  and  -Uvorces  the  designer  from  direct 
responsibility  for  his  component. 


TEST  PROGRAM  PHILOSOPHY 

This  testing  is  the  systematic  analysis  of 
hardware  reliability  potential.  Since  component 
reliability  of  1.00  cannot  be  achieved,  it  is  nec¬ 
essary  to  determine  the  relative  reliabilities  of 
the  components  to  be  used.  This  knowledge  then 
establishes  a  priority  for  concentration  of  efforts 
on  the  least  reliable  components.  The  program 
is  characterized  by  the  use  of  a  sequential  series 
of  tests  designed  to  promote  the  maximum  relia¬ 
bility  growth  rate  through  time -induced  failures, 
parametrically  induced  failures,  some  attribute 


tests,  the  use  of  statistical  analysis  of  test  re¬ 
sults,  and  extensive  use  of  failure  analysis. 

Component  unreliability  occurs  primarily 
as  the  result  of  an  insufficient  margin  of  safety 
existing  between  the  mean  failure -producing 
stress,  and  the  mean  true -operating  stress. 
Since  unreliability  represents  a  probability  of 
failure,  every  effort  is  undertaken  to  mini¬ 
mize  it. 

These  tests  are  primarily  "Test-to- 
Failure"  with  subsequent  failure  analysis, 
repair,  and  retest.  This  technique  permits 
accumulation  of  a  maximum  of  data  with  a 
minimum  quantity  of  test  hardware.  This  test¬ 
ing  is  sequential  inasmuch  as  the  extent  of 
testing  on  each  component  is  dependent  upon 
initial  results  from  previous  tests.  It  makes 
use  of  testing-to -failure  in  the  time  domain, 
separation  of  variables,  induced  failures  in  the 
stress  domain,  attribute  test,  failure  analysis, 
and  determination  of  system  tolerances  as 
analyzed  by  transfer  functions.  Statistical 
analysis  is  employed  to  evaluate  susceptibility 
to  each  dominant  stress  in  terms  of  standard 
deviations  from  the  design  criteria. 


Part  I,  Survey  and  Analysis  Tests 

In  the  absence  of  sufficient  test  data  to 
evaluate  properly  the  reliability  or  the  poten¬ 
tial  reliability  of  a  component,  it  is  necessary 
to  subject  the  components  to  survey -type  testing 
in  order  to  determine  critical  weaknesses  and 
dominant  failure  modes.  Survey  testing  will 
assume  the  form  of  abbreviated  life  testing,  or 
testing  in  the  time  domain  under  both  bench  and 
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simulated  minimum  acceptable  environmental 
conditions.  Aside  from  determining  problem 
areas  and  establishing  priority  for  further 
testing,  results  from  survey  testing  will  be 
used  to  expedite  corrective  action  on  critical 
usage  components.  Additionally,  a  foundation 
of  basic  data  is  obtained  which  is  a  reference 
point  throughout  the  remainder  of  the  program 
for  measuring  reliability  growth. 

Part  I  Testing  will  be  divided  into  two 
types  —  bench  operating  and  minimum  acceptable 
environmental  operating.  All  of  the  pertinent 
environments  at  the  minimum  acceptable  levels 
for  the  minimum  acceptable  time,  as  well  as  a 
minimum  number  of  cycles  or  minimum  oper¬ 
ating  time,  are  accomplished  during  Part  I.  The 
primary  advantages  of  Part  I  testing  over  devel¬ 
opment,  design  confirmation,  and  flight  certifica¬ 
tion  testing  are  the  substantial  savings  in  time 
and  money  because  duplication  of  testing  is 
avoided.  All  failures  produced  during  this  part 
are  time -induced  inasmuch  as  all  applied 
stresses  will  be  maintained  at  minimum  ac¬ 
ceptable  levels.  Both  types  of  testing  are  de¬ 
scribed  in  the  following. 

Bench  Operating  Tests  —  Bench  operating 
tests  consist  of  operating  the  component  at  am¬ 
bient  environments  and  within  design  perform¬ 
ance  specifications,  for  sufficient  time  to  demon¬ 
strate  accomplishment  of  minimum  acceptable 
life,  the  test  sample  will  then  be  exposed  to  a 
sequence  of  the  applicable  environments  (hu¬ 
midity,  salt-fog,  and  so  on).  These  tests  will 
be  singularly  applied  followed  by  a  functional 
cycle.  After  completion  of  this  series  of  tests, 
the  test  samples  will  be  returned  to  the  bench 
and  the  life  test  continued  until  failure,  or  the 
accumulation  of  sufficient  time  to  yield  in¬ 
creased  confidence  in  the  ’’life"  capability  of 
the  equipment. 

Environmental  Operating  Tests  -  Environ¬ 
mental  operating  tests  will  consist  of  operating 
the  equipment  under  selected  minimum  accept¬ 
able  environments,  such  as  the  design  level  of 
vibration,  for  sufficient  time  to  demonstrate 
accomplishment  of  minimum  operating  time  or 
cycles.  The  unit  will  then  continue  to  be  cycled 
at  this  level  of  vibration  until  failure  or  until  a 
designated  time  is  reached.  This  time  would  be 
sufficient  to  demonstrate  a  practical  margin  of 
safety  in  the  time  domain.  The  purpose  of  these 
tests  will  be  to  collect  failure  data  on  those  fail¬ 
ures  induced  by  the  design  level  of  vibration. 

Part  II,  Marginability  Tests 

To  promote  the  maximum  system  reliabil¬ 
ity  growth  rate,  it  is  essential  that  those 


components  exhibiting  the  least  reliability  re¬ 
ceive  the  maximum  improvement  effort.  Since 
this  effort  can  be  most  expediently  applied  by 
basing  the  corrective  action  on  actual  failures, 
it  follows  that  a  program  designed  to  acceler¬ 
ate  the  accumulation  of  failure  data  is  needed. 
Critical  stresses,  including  those  introduced 
by  flight  environments  will  be  manipulated  to 
induce  failures  independent  of  time. 

The  purpose  of  Part  II  tests  will  be  to  es¬ 
tablish  the  margins  of  safety  associated  with 
each  operating  stress  and  to  isolate,  through 
failure  analysis,  the  element  or  subcomponent 
assemblies  responsible  for  the  failures.  Mar¬ 
gins  of  safety  will  be  determined  in  terms  of 
the  standard  deviation  of  the  failure  producing 
stress  distributions.  Part  II  tests  will  be  di¬ 
vided  into  two  types  as  described  in  the  fol¬ 
lowing. 

Environmental  Marginability  —  During  this 
phase  of  testing,  the  vibration  level  will  be 
varied  to  the  point  of  equipment  malfunction, 
while  holding  the  input  parameters,  such  as, 
voltage  or  pressure,  constant  at  the  designed 
operating  level.  The  following  technique  will 
be  used  in  obtaining  the  data: 

1.  Determine  the  magnitude  of  the  incre¬ 
ments  in  which  the  vibration  level  will  be 
varied  (such  as  2  db). 

2.  Determine  the  input  stresses  to  be  ap¬ 
plied  (voltage,  pressure,  load,  and  the  like)  to 
the  component;  these  stresses  will  be  held 
within  the  design  tolerance. 

3.  Determine  which  outputs  are  to  be 
monitored  and  what  value  or  values  of  the  out¬ 
puts  will  be  considered  a  failure  condition. 

4.  In  performing  the  actual  test  it  is  es¬ 
sential  that  the  selected  output  be  monitored 
constantly  to  record  the  precise  point  of  failure. 
It  should  be  determined  if  the  failure  is  of  a 
permanent  or  temporary  nature.  To  be  per¬ 
manent,  the  failure  condition  must  persist  after 
the  vibration  level  has  been  returned  to  the  de¬ 
sign  level.  Failures  found  to  be  temporary  or 
transient  in  nature  must  be  repeated  to  deter¬ 
mine  if  there  is  a  distribution  associated  with 
the  failure -producing  level. 

5.  The  number  of  temporary  and  perma¬ 
nent  failures  which  must  be  induced  by  each 
environment  will  be  specified  for  each  type  of 
equipment. 

Performance  Marginability  —  Input  param¬ 
eters  will  be  varied  one  at  a  time  to  the  point 
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of  equipment  malfunction,  while  holding  the  en¬ 
vironmental  conditions  constant  at  minimum 
acceptable  flight  levels.  The  following  tech¬ 
niques  will  be  used  in  obtaining  the  data. 

1.  Select  the  input  stresses  to  be  applied 
and  the  input  stress  (voltage,  load,  pressure, 
and  so  on)  to  be  varied. 

2.  Determine  the  direction  and  magnitude 
of  the  increments  in  which  the  selected  input 
stress  will  be  varied. 

3.  Determine  which  environments  will  be 
applied.  These  environments  must  be  held  con¬ 
stant  or  within  specification  (temperature,  vi¬ 
bration,  and  so  forth). 

4.  Determine  which  outputs  should  be  mon¬ 
itored  to  detect  failure,  and  the  values  of  these 
outputs  which  constitute  a  failure  condition. 

5.  In  performing  the  actual  test,  it  is  essen¬ 
tial  that  the  selected  output  be  monitored  con¬ 
stantly  and  the  input  stress  varied  to  record  the 
precise  point  of  failure.  It  should  be  determined 
if  the  failure  is  of  a  permanent  or  temporary 
nature.  To  be  permanent,  the  failure  condition 
must  persist  after  the  failure  producing  stress 
has  been  returned  to  specification  levels.  Fail¬ 
ures  found  to  be  temporary  or  transient  in 
nature  must  be  repeated  to  determine  if  there 

is  a  distribution  associated  with  the  failure - 
producing  level. 

6.  The  number  of  temporary  and  perma¬ 
nent  failures  which  must  be  induced  by  each 
input  stress  will  be  specified  for  each  type  of 
equipment. 


FAILURE  ANALYSIS 

Failure  analysis  shall  be  performed  on  all 
components  that  fail  in  both  stress  and  time. 
The  failure  analysis  shall  be  accomplished  in 
the  following  steps. 


Isolation  of  Weak  Link 

The  cause  of  failure  shall  be  determined 
by  isolation  of  the  failed  elements  or  piece 
parts  through  inspection  and  checkout  tech¬ 
niques. 


Determination  of  Cause 

After  it  is  determined  that  the  failure  is 
repetitive  in  nature,  the  cause  of  failure  shall 


be  determined  by  analysis  of  stress  or  operat¬ 
ing  conditions  on  the  failed  element.  The  envi¬ 
ronmental  or  operating  stress  that  produced  the 
failure  under  either  Part  I  or  Part  II  shall  be 
duplicated  to  reproduce  the  failure.  A  group  of 
these  elements  shall  be  subjected  to  margin- 
ability  type  tests  of  Part  n  to  establish  the  fail¬ 
ure  distribution  of  the  element  under  the  failure 
producing  stress.  The  results  of  these  tests 
shall  be  utilized  in  establishing  corrective  ac¬ 
tion  or  redesign. 


Verification 

After  an  improvement  has  been  incorpo¬ 
rated,  a  retest  is  necessary.  This  will  be  in 
the  form  of  a  repeat  of  the  test  that  proved  the 
need  for  an  improvement. 


TEST  DATA  PRESENTATION 

The  examples  of  test  data  presentation  in¬ 
cluded  herein  are  intended  to  show  how  raw  test 
data  are  tabulated,  reduced,  and  illustrated. 

Figure  1  illustrates  how  the  raw  data  from 
a  typical  induced-failure  test  would  be  tabulated 
and  reduced.  The  first  column  headed  Test 
Number,  indicates  the  testing  sequence.  Each 
failure  analysis  report  shall  reference  one  of 
these  numbers.  If  more  than  one  unit  was  uti¬ 
lized  in  this  sequence,  the  serial  number  of  the 
units  will  be  included  with  these  numbers.  The 
second  column,  headed  Failure -Stress  (X),  in¬ 
dicates  the  value  of  the  stress  which  produced 
the  failure.  This  could  be  an  input  voltage  in 
the  case  of  a  performance  marginability  test, 
or  a  "g"  level  in  the  case  of  vibration  margin- 
ability  test.  Other  column  headings  are  self 
explanatory.  As  indicated,  the  mean  failure 
producing  stress  is  determined  to  be  95,  the 
standard  deviation  —  6.98,  and  the  standard 
deviation  corrected  for  sample  size  —  8.46. 

Figure  2  illustrates  graphically  the  data 
tabulated  in  Fig.  1.  The  reference  level  shown 
in  the  figure  represents  the  design  level  for  the 
particular  stress  under  study.  The  safety  mar¬ 
gin  shown  is  determined  by  dividing  the  cor¬ 
rected  standard  deviation  of  the  distribution 
into  the  difference  between  the  mean  failure 
producing  stress  (x)  and  the  reference  level. 

Figure  3  illustrates  graphically  the  results 
of  a  design  improvement  action  on  a  component 
which  reduced  the  magnitude  of  the  standard 
deviation  of  the  frequency  distribution  of  the 
failure  producing  stresses.  The  solid  curve 
represents  the  distribution  of  the  failure 
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Test  Number 

Failure  Stress  (X) 

Deviation  from  Mean  (x) 

(X)2 

1 

99 

4 

16 

2 

82 

13 

169 

3 

96 

1 

1 

4 

90 

5 

25 

5 

102 

7 

49 

6 

98 

3 

9 

7 

94 

1 

1 

8 

103 

8 

64 

9 

90 

5 

25 

10 

88 

7 

49 

11 

106 

11 

121 

12 

92 

3 

9 

2X  =  1140  2x2  =  538 


—  2X 

Mean  Failure  Producing  Stress  X  =  =  95 


Standard  Deviation  s  =  V  ~~  ^  =  6.98 

Standard  Deviation  Correction  =  se  =  1.213s  =  8.46 

1 


Correction  Factor  for  small  samples  =  1  + 


n/2(N~  1) 


■=  1.213 


Fig.  1  -  Tabulation  and  reduction  of  raw  data  from 
a  typical  induced-failure  test 


Fig.  2  -  Graphical  reduction  of  data 
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•  *  ORIGINAL  FAILURES 

*  =  VERIFICATION  OF  RELIABILITY  GROWTH 


Fig.  3  -  Example  of  reliability  growth 
by  reducing  scatterband 


producing  stresses  before  the  design  improve¬ 
ment,  and  the  broken  curve  represents  the  fre¬ 
quency  distribution  of  the  failure -producing 
stresses  after  the  design  improvement.  Note 
that  while  the  mean  is  unchanged,  the  margin  of 


safety  has  increased,  from  6  standard  deviations 
to  almost  10. 


Figure  4  illustrates  the  results  of  a  design 
improvement  which  produced  an  increase  in  the 
average  strength  or  in  the  mean  failure-producing 
stress.  In  this  example,  the  frequency  distribu¬ 
tion  curves  are  identical,  but  the  margin  of  safety 
has  been  increased  from  6  standard  deviations 
to  approximately  9  by  increasing  the  average 
strength  from  95  to  approximately  120. 

Figure  5  illustrates  the  most  common 
condition  of  unreliability.  These  curves  rep¬ 
resent  a  condition  in  which  either  the  design 
criteria  for  the  component  was  improperly 
specified,  or  the  component  was  improperly 
designed.  The  condition  depicted  is  one  in 
which  a  •’negative”  safety  margin  exists. 

Since  the  data  graphically  presented  in  the 
bottom  curve  would  not  become  available 
until  a  considerable  amount  of  missile  testing 
has  been  accomplished,  the  approach  to  com¬ 
ponent  development  should  be  to  minimize  the 
magnitude  of  the  standard  deviation  of  the  fre¬ 
quency  distribution  of  the  failure -producing  v 
stresses  as  determined  by  induced -failure  test¬ 
ing,  and  to  maximize  the  mean  failure -producing 
stress  as  determined  by  testing. 


Fig.  4  -  Example  of  reliability  growth  by 
increasing  average  strength 
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Section  6 

STANDARDIZATION  OF  VIBRATION  TESTS 


SINUSOIDAL  VIBRATION  TESTING  OF  NONLINEAR 
SPACECRAFT  STRUCTURES 

W.  F.  Bangs 

Goddard  Space  Flight  Center,  NASA 
Greenbelt,  Maryland 


The  vibration  testing  of  large  spacecraft  structures  in  accordance  with 
procedures  similar  to  those  developed  for  military  equipment  during 
the  1940's  has  numerous  shortcomings,  particularly  if  the  testing  proc¬ 
ess  is  considered  to  be  a  duplication  of  an  equipment's  in-service  vi¬ 
bration.  The  purpose  of  this  paper  is  to  discuss  some  of  the  short¬ 
comings  associated  with  the  familiar  sinusoidal  sweep  test. 

Waveform  distortion,  being  one  of  the  more  obvious  problems,  is  dis¬ 
cussed.  An  analytical  model  of  a  simplified  structure  undergoing  vi¬ 
bration  testing  was  studied  with  the  aid  of  an  analog  computer. 

Solutions  for  a  nonlinear  model  demonstrate  distortion  of  the  armature 
acceleration  even  though  the  applied  force  is  sinusoidal.  Filtering  the 
control  signal  to  eliminate  distortion  may  unduly  penalize  the  specimen, 
although  this  technique  is  acceptable  where  the  distortion  is  the  random 
type  caused  by  the  banging  of  parts. 

The  current  trend  toward  larger  spacecraft  structures  will  undoubtedly 
continue,  and  the  problems  we  now  face  will  be  small  in  comparison  to 
those  of  the  future  unless  some  revisions  are  made  in  today's  philosophy. 


INTRODUCTION 

The  sinusoidal  sweep  vibration  test  is  re¬ 
quired  by  Goddard  Space  Flight  Center  (GSFC) 
for  the  qualification  of  spacecraft  structures 
and  subassemblies.  Although  it  is  generally 
agreed  that  random  vibration  testing  more 
closely  simulates  the  actual  flight  environment, 
sinusoidal  tests  will  continue  to  be  specified 
either  as  a  supplement  to  the  random  test  or, 
in  some  cases,  as  the  sole  vibration  require¬ 
ment.  The  reason  for  this  policy  is  that  the 
sinusoidal  test  offers  certain  advantages  over 
the  random  test: 

1.  The  sinusoidal  test  is  superior  as  a 
diagnostic  tool.  Since  excitation  is  applied  at  a 
single  frequency,  resonant  frequencies  and 
modes  can  be  accurately  described.  Because 
random  excitation  produces  the  simultaneous 
response  of  many  modes,  the  behavior  of  each 


mode  is  obscured.  Performed  in  the  develop¬ 
ment  stage ,  the  sinusoidal  test  invariably 
points  out  design  deficiencies  that  can  be  cor¬ 
rected  early  in  the  test  program. 

2.  Sinusoidal  vibration  can  be  applied  in 
the  frequency  ranges  not  included  in  typical 
random  tests.  Most  important  is  the  frequency 
liuige  of  3  iu  20  ops,  in  which  stress  levels  are 
likely  to  be  high  and  interaction  of  a  spacecraft 
and  a  vehicle,  in  its  low  frequency  modes,  is 
likely  to  occur.  Many  of  the  larger  spacecraft 
now  being  developed  have  resonances  below 

20  cps. 

3.  Sinusoidal  testing  is  relatively  inexpen¬ 
sive,  and  equipment  is  readily  available.  For 
this  reason,  testing  at  the  subassembly  level  is 
often  accomplished  by  using  only  sinusoidal  ex¬ 
citation.  Sine  wave  tests  are  usually  specified 
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in  terms  of  motion  (acceleration,  velocity,  or 
displacement)  at  the  normal  mounting  point  of 
the  equipment  under  test.1  One  of  the  major 
problems  occurring  in  sinusoidal  vibration 
testing  of  structures  that  are  heavy  compared 
with  the  shaker  armature  is  waveform  distor¬ 
tion  in  the  motion  of  the  mounting  point. 

Since  the  input,  or  specification  level,  is 
normally  monitored  at  the  mounting  point, 
waveform  distortion  here  raises  questions 
about  the  adequacy  of  the  test.  Figures  1  and  2 
show  examples  of  distorted  waveforms  that 
were  observed  during  the  vibration  testing  of 
the  Orbiting  Solar  Observatory  I  satellite 
(1962  £  1)  structural  model.2 


Fig.  1  -  Harmonic 
distortion  of  input 


The  purpose  of  this  report  is  to  review 
some  possible  sources  of  waveform  distortion, 
present  the  results  of  an  analog  study  of  a  non¬ 
linear  system  that  exhibited  distortion,  and 
discuss  the  effects  of  distortion  on  vibration 
testing. 

SOURCES  OF  DISTORTION 

The  problem  of  distortion  in  sinusoidal 
vibration  testing  is  not  a  new  one.  Its  magni¬ 
tude,  however,  has  increased  in  recent  years 
until  it  can  no  longer  be  ignored  as  it  has  in 
most  cases  in  the  past.  In  some  recent  tests,3 


One  exception  is  the  specification  for  the  NASA 
Scout  and  Delta  payloads,  in  which  there  is  an 
option  allowing  simulation  of  the  solid  rocket 
motor  vibration  by  controlling  the  force  im¬ 
parted  to  the  payloads. 

2E.  J.  Kirchman  and  R.  Hartenstein,  "Evalua¬ 
tion  of  Vibration  Test  Data  from  the  S-16 
Structural  Model  Tests  NASA/GSFC  Report 
321-1  (RH)  S- 16-09  (May  1961). 

3E.  F.  Shockey,  "S-51  Dutchman-Separation 
Mechanism  Vibration  Tests,"  NASA/GSFG 
Memorandum  Report  621-7  (Dec.  1961). 


Fig.  2  -  Aperiodic 
distortion  of  input 


the  harmonic  components  have  exceeded  the 
fundamental,  so  that  determination  of  the  source 
of  the  distortion  has  became  imperative. 

Wrisley4  suggests  that  in  some  cases  the 
equipment  can  be  at  fault.  If  a  small  amount  of 
harmonic  distortion  is  present  in  the  output  of 
the  vibrator's  power  supply,  we  can  expect  a 
condition  in  which  the  frequency  of  a  harmonic 
is  coincident  with  that  of  a  lightly  damped  res¬ 
onance  in  either  the  structure  being  tested  or 
the  armature.  The  resonant  structure  could 
then  be  excited  at  a  level  great  enough  to  pro¬ 
duce  a  significant  amount  of  harmonic  motion 
at  the  input  transducer  location. 

Although  waveform  distortion  in  the  elec¬ 
trical  input  can  certainly  be  a  cause  of  input 
motion  distortion,  the  type  of  distortion  plaguing 
the  engineer  in  spacecraft  testing  is  that  result¬ 
ing  from  structural  nonlinearities.  The  follow¬ 
ing  symptoms  support  this  theory: 

1.  The  frequency  of  the  harmonic  usually, 
does  not  correspond  to  a  resonant  frequency  of 
the  structure. 

2.  The  apparent  resonant  frequency  varies 
with  the  amplitude  of  excitation.  This  is  a  well- 
known  characteristic  of  nonlinear  structures. 

3.  The  random  distortion  (as  shown  in  Fig. 
2)  couldn't  very  well  be  attributed  to  electrical 
wave  distortion. 

Structures  exhibiting  nonlinear  stiffness 
properties  can  be  broadly  classified  as  either 


4D.  L.  Wrisley,  "Some  Effects  of  Acceleration 
Waveform  Distortion  in  Sinusoidal  Vibration 
Testing,”  Test  Engineering  5(2):  16- 18  (Feb. 
1961). 
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continuous  or  discontinuous.  An  example  of  a 
discontinuous  structure  is  one  in  which  there  is 
small  clearance  or  looseness  between  parts.  If, 
during  the  vibration  excitation,  parts  collide, 
many  modes  of  the  parts  will  be  excited  at  high 
accelerations.  Figure  2  shows  the  effect  of  this 
phenomenon  on  the  input  acceleration. 

Structures  that  are  continuously  nonlinear 
influence  the  shaker  motion  by  adding  harmon¬ 
ics  to  the  waveform.  Figure  1  is  an  example  of 
this.  To  further  understand  the  effects  of  non¬ 
linear  structures  undergoing  vibration,  a  sim¬ 
plified  shaker  and  a  single-degree-of-freedom 
specimen  with  a  cubic  hardening  spring  were 
studied  by  means  of  an  analog  simulation. 


ANALOG  SIMULATION 


Fig.  3  -  Mathematical 
model  of  vibrator  and 
nonlinear  load 


structural  stiffness.  Thus,  f[x-y]  in  Eq.  (1) 
has  been  taken  as 


The  mathematical  model  is  based  on  the 
following  assumptions: 


f[x-y]  =  k(x- y)  +  /3(x- y)3  , 
f  [y-  x]  =  -  f  [x  -  y]  . 


(3) 


1.  The  vibrator's  armature,  the  test  fix¬ 
ture,  and  the  part  of  the  test  specimen  not  res¬ 
onating  act  as  a  rigid  mass. 


Equations  (1)  and  (2)  can  be  expressed  in 
dimensionless  form  by  making  use  of  Eq.  (3) 
and  the  following  identities: 


2.  The  part  of  the  specimen  in  resonance 
can  be  represented  as  a  mass  with  a  nonlinear 
connecting  spring. 


T=0)nt,  CO. 


K  C. 
M’  Cc 


JL  JL  _d_ 

2flM  ’  Dc  2w0m  ’ 


3.  The  force  acting  on  the  vibrator's  ar¬ 
mature  coil  is  sinusoidal  regardless  of  the 
motion  of  the  armature. 


y 


0, 


The  system  is  shown  in  Fig.  3.  Summing 
the  forces  on  each  mass  yields  the  equations  of 
motion: 


Mx  +  Cx  +  D(x  -  y)  +  Kx  +  f  [x  -  y]  =  F  sin  cot  ,  (1) 


x 


(JL  \ 

\wo  )  dT  ’ 


y 


dtp 

d  t  ’ 


my  +  D(y- x)  +  f  [y- x]  =  0  , 


(2)  where  g  is  the  acceleration  of  gravity. 


where  f[  ]  is  the  nonlinear  spring  force,  a 
function  of  the  spring  extension  (y-  x)  or  com¬ 
pression  (x-y),  and  the  notation  for  masses, 
spring  constant,  damping  coefficients,  and  co¬ 
ordinates  is  indicated  in  Fig.  3. 


By  substitution,  Eqs.  (1)  and  (2)  become 


d2<P  +  2  0 
dr 2  “o 


_C 

Cc 


d  </> 
dr 


2  m  _D 
M  Dc 


A-  (0-0) 


<P 


Structures  often  have  a  tendency  to  be¬ 
come  stiffer  or  to  "harden"  with  deflection. 
Thin  panels  are  known  to  behave  in  this  man¬ 
ner.5  A  hardening  spring,  represented  by  a 
linear  plus  a  cubic  term  in  the  force  deflection 
expression,  has  been  used  to  represent  the 


5E.  J.  Kirchman  and  J.  E.  Greenspon,  "Nonlin¬ 
ear  Response  of  Aircraft  Panels  in  Acoustic 
Noise,"  J.  Acoust.  Soc.  Amer.,  29{7):854-857 
(July  1957). 


+  M  ( ^  ~  M 


m  f3g2  ,  F  .  co 

+  m  - — 4  =  Mi  s,n  ZT 


(4) 

^  +  2  (4- 4>)+  W-#)  +  (0-0)3  =  o. 

(5) 


Most  of  the  dimensionless  coefficients  in 
Eqs.  (4)  and  (5)  are  simple  ratios  that  need  no 
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SPRING 
FORCE 
f  (x  -  y) 


Fig.  4  -  Force  deflection  curves  for 
the  linear  and  the  cubic  springs 


explanation.  The  significance  of  the  term 
/3g2/k&>04,  however,  isn’t  immediately  obvious. 

If  the  substitution  for  the  static  deflection  S  of 
a  mass  resting  on  a  linear  spring  (of  rate  k )  is 
made, 

/3g2  _  0  S2  _  /383 

;  4  '  k  5  ks  ' 

Thus,  /3g2/ka>04  is  the  ratio  of  the  nonlinear 
force  component  to  the  linear  force  at  the  de¬ 
flection  5.  Figure  4,  which  shows  the  force 
deflection  curves  for  the  linear  and  the  Duffing 
springs,  better  illustrates  the  significance  of 
the  parameter.  It  should  be  emphasized  that 
the  deflection  8  is  the  static  deflection  for  a 
linear  spring  (i.e.,  mg/k)  and  not  the  actual  de¬ 
flection  for  the  Duffing  spring. 

An  analog  computer  was  used  to  obtain 
some  solutions  to  Eqs.  (4)  and  (5).  The  Duffing 
spring  characteristic  was  obtained  with  a  diode 
function  generator.  Seven  connected  straight 
line  segments  approximated  the  force  deflection 
curve  for  the  spring.  Thus  the  accuracy  of  the 
solutions,  for  very  low  amplitudes,  leaves 
something  to  be  desired.  Where  <t>  -  ^  is  not 
small,  several  line  segments  are  being  utilized 
and  the  approximation  is  adequate. 

To  obtain  a  solution  to  Eqs.  (4)  and  (5), 
specific  numerical  values  had  to  be  selected 
for  the  coefficients.  The  following  values  were 
selected  as  possibly  representing  an  actual  system: 


£  =  0.05  .  i  =  o.so  , 

Cc  M 

D  Pfi 2 

^  =  0.05  ,  =  0.10  , 


With  these  parameters  set  into  the  com¬ 
puter,  a  sinusoidal  input 

F(w)  .  oj 
— —  sin  —  r 


was  applied  such  that  the  peak  nondimensional 
acceleration  d20/dr2  was  approximately  con¬ 
stant  for  the  forcing  frequency  range  of  «■/«„, 
varying  from  0.7  to  1.45.  Some  resulting  wave¬ 
forms  are  shown  in  Fig.  5  for  the  three  values 
of  zero  to  peak  acceleration:  0.25,  0.50,  and 
0.75. 

It  is  also  interesting  to  note  how  the  char¬ 
acteristics  of  the  model  vibrator  change  when 
the  usually  assumed  linear  load  is  replaced 
with  a  nonlinear  load.  Here,  the  sinusoidal 
force  amplitude  was  held  constant  as  frequency 
was  varied.  The  armature  acceleration  d20/dr2 
was  monitored,  and  the  response  curves  for 
four  forcing  amplitudes  are  presented  in  Fig.  6. 
The  zero  to  peak  values  of  d20/dr2  were  plotted 
after  dividing  by  F/Mg  to  normalize  the  curves. 


$-A/  %  W  % 

&  -o J\j  ^  i/1  Ar  ^  ^\y 

&A A 

<VwD  =  0.70  0.8B  1.00  1.13  1.26  1.38  1.45 

Fig.  5  -  Vibrator's  acceleration 
wave  shapes 


The  curve  for  the  near- zero  force  corresponds 
to  the  well-known  linear  solution  in  which  the 
resonant  specimen  influences  the  vibrator's 
characteristics  by  the  insertion  of  a  notch  and 
peak  in  the  response  curve.  The  distortion  of 
the  frequency  response  curve  for  the  nonlinear 
case  is  clearly  shown  in  Fig.  6.  The  Waveform 
of  d20/dr2  is  a  distorted  sine  wave  for  all  of 
the  nonlinear  curves.  As  the  driving  frequency 
is  increased,  a  point  is  reached  where  the  sys¬ 
tem  response  abruptly  changes.  The  deflections 
of  the  nonlinear  spring  become  small,  and  the 
system  behaves  very  nearly  as  a  linear  system. 


DISCUSSION 

The  analysis  has  explained  one  of  the 
causes  of  distortion  that  occurs  during  a 


sinusoidal  test.  Experience  with  large  space¬ 
craft  structures  has  shown  that  the  nonlinear 
structural  phenomenon  is  the  most  important 
one,  namely  because  it  appears  at  the  major 
structural  resonances  where  large  excursions 
and  high  stress  levels  are  likely  to  cause  struc¬ 
tural  failure.  On  smaller  packages  the  effect 
of  nonlinear  stiffness  of  the  package  isn’t  too 
important  because  the  major  resonances  occur 
at  higher  frequencies  with  lower  stress  levels 
and  also  because  the  harmonic  forces  gener¬ 
ated  within  the  small  structure  are  not  capable 
of  driving  the  relatively  large  mass  of  the 
shaker  armature  and  fixture  at  significant  am¬ 
plitudes. 

The  usefulness  of  the  analysis  ends  here 
since,  by  the  nature  of  nonlinear  problems,  a 
solution  for  a  given  set  of  parameters  cannot 
readily  be  extended  to  another  problem.  Also, 
the  nonlinear  parameters  for  a  real  structure 
are  extremely  difficult  to  define. 

The  question  that  naturally  follows  an  ex¬ 
planation  of  the  source  of  a  problem  is  what  to 
do  about  it.  Suggestions  from  literature  on  the 
subject  are  summarized  below: 

1.  Wrisley4  attributes  most  distortion  to 
harmonics  in  the  amplifier  output  that  may  be 
multiplied  when  one  of  the  harmonics  corre¬ 
sponds  to  the  armature  or  some  other  structu¬ 
ral  resonant  frequency.  He  points  out  the 
errors  in  trying  to  measure  and  control  peak 


Fig.  6  -  Vibrator  acceleration  for  constant  peak  force 
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acceleration  by  using  an  averaging  meter  for 
varying  percentages  and  phase  of  third  har¬ 
monic  distortion.  Wrisley  concludes  that  vi¬ 
bration  facilities  should  be  equipped  to  use 
feedback  proportional  to  the  peak  acceleration 
and  a  true  peak  reading  meter  to  monitor  ac¬ 
celeration. 

2.  Schafer6  points  out  that  vibration  am¬ 
plitudes  may  be  in  error  by  ±  90  percent  because 
of  distorted  acceleration  waves.  He  feels  that 
the  insertion  of  a  filter  on  the  output  of  the  con¬ 
trol  accelerometer,  to  eliminate  all  but  the 
driving  frequency  component  of  acceleration 
waveform,  would  result  in  a  test  that  comes 
closer  to  carrying  out  the  intent  of  the  specifi¬ 
cation. 

Apparently  these  authors  disagree,  since 
Wrisley  proposes  that  the  instrumentation  be 
such  that  the  actual  peak  is  sensed  and  used  for 
control,  regardless  of  the  frequency  components 
contributing  to  the  peak,  whereas  Schafer  feels 
that  everything  but  the  fundamental  should  be 
disregarded. 

When  a  specification  requires  a  given  ac¬ 
celeration  in  the  sinusoidal  test  schedule,  it 
seems  reasonable  to  assume  that  this  level  ap¬ 
plies  to  the  fundamental  forcing  frequency  even 
if  the  motion  cannot  be  maintained  sinusoidal. 
Schafer’s  approach,  then,  is  the  obvious  choice 
if  the  test  is  to  be  carried  out  in  strict  accord¬ 
ance  with  the  specification. 

In  the  case  of  spacecraft  evaluation,  where 
design  margins  are  narrow,  we  can't  afford  the 
rigid  int  rpretation  of  a  specification.  While 
testing  the  S-51  spacecraft3  and  its  adaptor, 
the  level  of  the  second  harmonic  was  about  four 
times  greater  than  that  of  the  forcing  frequency 
at  the  first  mode  resonance.  In  this  case,  fil¬ 
tering  and  driving  the  fundamental  to  the  speci¬ 
fied  level  would  almost  certainly  have  destroyed 
the  structure.  Increasing  the  input  could  cause 
the  percentage  of  distortion  to  increase  since 
the  structure  is  nonlinear. 

There  are  cases,  especially  when  testing 
large  structures,  where  presently  available  vi¬ 
bration  equipment  is  being  driven  at  maximum 
force  output  and  still  not  meeting  the  specified 
acceleration  levels,  even  including  harmonics. 

These  problems  point  out  deficiencies  in 
test  specifications  which  cannot  be  corrected 


6C.  T.  Schafer,  "Uniform  Input  Control— A  Must 
for  Accurate,  Repeatable  Tests,"  Vibration 
Notebook,  published  by  MB  Electronics,  7(4) 
(Oct.  1961). 


by  the  use  of  filtering.  At  Goddard,  the  prac¬ 
tice  has  been  to  perform  the  spacecraft  test 
without  filtering,  thus  allowing  harmonics  to 
contribute  to  the  average  of  the  control  signal. 

Experience  with  many  spacecraft  programs 
has  demonstrated  that  the  technique  has  pro¬ 
duced  a  reliable  product;  however,  it  is  not 
recommended  that  this  method  be  applied  to  all 
sinusoidal  test  programs. 

The  problem  of  waveform  distortion  pre¬ 
sents  a  dilemma  that  has  to  be  resolved  by  the 
originator  of  the  specification  rather  than  the 
vibration  equipment  manufacturer.  It  is  he  who 
has  failed  to  recognize  the  fact  that,  in  testing 
real  structures,  nonlinearities  exist  and  devia¬ 
tions  from  the  required  test  are  natural  occur¬ 
rences.  This  problem,  which  is  one  of  many 
associated  with  vibration  simulation,  can  be 
resolved  only  through  a  revision  of  present  re¬ 
quirements.  It  is  hoped  that  research  now  un¬ 
derway  for  improving  test  techniques  by  con¬ 
sidering  force  as  well  as  motion  (e.g.,  impedance 
methods)  will  ultimately  lead  to  a  technically 
sound  solution  to  the  problem. 

A  few  procedures  that  are  recommended  by 
GSFC  for  the  testing  of  large  spacecraft  struc¬ 
tures  might  be  useful  to  those  presently  facing 
the  problem  with  similar  structures: 

1.  Waveform  should  be  closely  monitored 
so  that  we  can  at  least  know  what  happened  dur¬ 
ing  the  test,  right  or  wrong.  This,  by  necessity, 
requires  that  data  be  stored  on  magnetic  tape 
and  spectrum-analyzed  at  critical  frequencies. 

2.  The  signal  from  the  control  transducer 
should  not  be  filtered  unless  it  has  been  estab¬ 
lished  that  the  distortion  is  that  resulting  from 
looseness  or  banging  of  parts.  On  a  satellite 
structure  recently  tested  at  GSFC,  the  second 
harmonic  of  the  table  acceleration  was  3.8  times 
that  of  the  forcing  frequency.3  In  this  case, 
filtering  and  driving  the  fundamental  to  the 
specified  level  would  surely  have  destroyed  the 
structure. 

3.  Since  motion  control  can  result  in  un¬ 
reasonably  high  loads,  fixtures  should  be 
equipped  with  force  transducers  to  monitor 
bending  moment  and  axial  load.  These  loads 
should  not  be  allowed  to  exceed  the  design  limit 
during  the  vibration  test. 
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DISCUSSION 


Dr.  Vigness:  I  thought  that  our  mechanical 
shakers  were  the  only  ones  that  gave  poor 
waveforms,  but  now  I  see  that  an  electrodynamic 
shaker  can  also  give  a  poor  waveform  under 
certain  conditions  and  we  shouldn't  blame  the 
shaker.  I  think  that  this  paper  has  pointed  out 
very  strongly  some  of  the  problems  that  might 
be  involved  in  standardization  of  vibration 
specifications,  vibration  tests,  and  vibration 
machines.  The  fact  that  the  apparent  input 
from  the  vibration  machine  is  not  really  a  func¬ 
tion  only  of  the  machine,  but  also  a  function  of 
what  is  on  the  machine,  kind  of  messes  things 
up. 

Dr.  Mains  (General  Electric):  The  impli¬ 
cation,  in  at  least  part  of  what  was  said  here, 
is  that  there  is  something  sort  of  holy  about  a 
pure  sinusoid.  Now  the  only  thing  holy  about  it 
that  I  know  is  that  it  is  one  of  the  easier  things 
to  generate  electrically;  it  is  pretty  doggone 
hard  to  measure  it  physically.  If  our  testing  is 
supposed  to  be  somehow  related  to  the  field  en¬ 
vironment,  we  couldn't  care  less  if  we  do  not 
get  a  pure  sinusoid,  because  this  would  be  more 
realistic  anyway.  I  think  what  is  needed  is  an 
examination  of  what  we  should  be  measuring 
and  why,  rather  than  so  much  emphasis  on  how 
a  pure  sinusoid  may  be  generated. 

Mr.  Bangs:  I  agree  with  everything  that 
has  been  said  and  I  did  not  mean  to  imply  that 
there  was  anything  holy  about  the  sine  wave.  I 
think  a  real  solution  to  the  problem  lies  in  how 
the  equipment  being  tested  would  behave  in  its 
field  environment.  You  pointed  out  that  it  would 
not  be  seeing  sinusoidal  input,  which  is  correct. 
What  it  would  be  seeing  is  a  function  of  the  force 


that  is  acting  on  it,  its  own  mechanical  imped¬ 
ance  and  the  mechanical  impedance  of  the  struc¬ 
ture  or  which  it  is  mounted.  I  think  this  is  what 
we  really  should  be  trying  to  duplicate,  but  it  is 
now  impossible. 

Dr.  Vigness:  Contractors  frequently  bring 
equipment  into  a  test  laboratory  for  tests  which 
call  for  a  sinusoidal  waveform.  If  the  waveform 
is  not  sinusoidal  and  the  equipment  fails,  the 
contractor  may  say  that  it  is  not  a  proper  test. 
What  can  you  do  about  that  ? 

Mr.  Bangs:  I  am  afraid  I  cannot  answer 
that  one.  I  would  like  to  make  one  more  point, 
though,  concerning  the  first  question.  If  a  sine 
wave  is  desirable  and  we  should  be  using  it,  we 
could  get  it  by  using  a  shaker  armature  that 
weighs  a  few  thousand  pounds  and  providing 
enough  force  to  drive  it. 

Dr.  Vigness:  So  it  would  be  possible  to 
have  a  remedy  but  it  may  not  be  desirable. 

Voice:  You  make  it  sound  as  though  we 
test  these  equipments  in  the  laboratory  for  the 
primary  purpose  of  having  them  pass  the  speci¬ 
fication,  rather  than  survive  in  service.  Let's 
not  forget  what  specification  testing  is  supposed 
to  accomplish. 

Mr.  Bangs:  What  the  test  is  supposed  to 
accomplish  is,  in  our  case  at  least,  to  give  the 
project  design  people  confidence  that  what  they 
have  built  will  survive  the  launch  environment. 
The  sinusoidal  test  as  it  is  now  run  does  give 
some  of  this  confidence,  but  certainly  there  is 
a  lot  of  room  for  improvement,  and  this  is  what 
I  was  trying  to  point  out. 


SOME  PROBLEM  AREAS  IN  THE  INTERPRETATION 
OF  VIBRATION  QUALIFICATION  TESTS 


J.  E.  Wignot  and  M.  D.  Lamoree 
Lockheed -California  Company 


This  paper  discusses  problems  concerned  with  the  interpretation  of 
vibration  test  specifications  which  arise  in  conducting  qualification 
tests  and  those  involved  in  the  interpretation  of  test  failures  as  they 
relate  to  the  probability  of  failure  in  service.  It  is  shown  that  more 
quidelines  should  be  established  for  performing  tests  since  test  results 
can  be  influenced  considerably  by  the  way  the  test  is  conducted. 


INTRODUCTION 

Two  types  of  problems  are  discussed  in 
this  paper,  those  concerned  with  the  interpreta¬ 
tion  of  vibration  test  specifications  which  arise 
in  conducting  the  qualification  tests,  and  those 
involved  in  the  interpretation  of  qualification 
tests  failures  as  they  relate  to  the  probability  of 
failure  due  to  vibration  in  the  airplane.  The 
role  of  standardization  of  test  procedures  as  a 
means  of  alleviating  these  problems  is  empha¬ 
sized.  Although  the  discussion  that  follows  is 
concerned  exclusively  with  the  sinusoidal  quali¬ 
fication  tests  of  electronic  equipment  for  air¬ 
craft,  many  of  the  statements  are  applicable  to 
vibration  qualification  tests  in  general. 

Standardization  of  vibration  qualification 
test  procedures  should  perform  three  important 
functions:  (1)  eliminate  discrepancies  in  test 
results  due  to  the  manner  in  which  tests  are 
conducted;  (2)  minimize  vibration  failures  which 
are  not  service  related;  and  (3)  generate  the 
maximum  amount  of  information  possible  to  aid 
the  vibration  engineer  in  assessing  the  probability 
of  test  failures  occurring  in  service.  Unfortu¬ 
nately,  the  latter  two  objectives  are  often  over¬ 
looked.  This  omission  is  undoubtedly  due,  in 
part,  to  the  general  lack  of  criteria  to  apply  in 
the  evaluation  of  the  relative  severity  of  the 
response  of  equipment  mounted  in  a  rigid  test 
jig  undergoing  sinusoidal  oscillations  and  the 
response  of  the  same  equipment  mounted  in  a 
more  flexible  aircraft  being  subjected  to  vibra¬ 
tions  which  are  more  or  less  random  in  nature. 
The  purpose  of  this  paper  is  to  discuss  several 
problem  areas  in  regard  to  the  first  objective 
and  to  emphasize  the  importance  of  gaining  the 


insight  necessary  to  accomplish  the  remaining 
objectives. 


TEST  PROCEDURES 

Most  of  the  problems  which  arise  in  con¬ 
ducting  vibration  qualification  tests  center 
around  defining  the  input  to  equipment  and  the 
determination  of  the  dwell  frequencies.  In  gen¬ 
eral,  the  seriousness  of  these  problems  is  pro¬ 
portional  to  the  weight  and  complexity  of  the 
equipment. 

One  of  the  major  problems  is  that  of  jig 
resonances.  Ideally,  the  jig  should  be  of  suffi¬ 
cient  mass  and  rigidity  so  that  its  motion  will 
not  be  significantly  altered  by  the  equipment 
response.  In  many  instances,  however,  the 
weight  of  the  equipment  to  be  tested  and  the 
capability  of  the  shaker  available  to  perform 
the  test,  preclude  the  possibility  of  achieving 
ideal  conditions.  Under  such  circumstances  the 
motion  of  the  jig  may  be  amplified  at  certain 
frequencies  in  such  a  way  that  the  input  levels 
may  differ  at  the  various  equipment  attach 
points.  This  difficulty  was  encountered  in  the 
vibration  qualification  test  of  an  integrated 
electronics  rack  shown  (with  dummy  equipment) 
in  Fig.  1.  The  combined  weight  of  the  rack  and 
equipment  is  450  pounds.  An  illustration  of  the 
rack  mounted  in  the  vibration  test  fixture  is 
shown  in  Fig.  2.  With  the  complex  structure 
required  for  the  fixture,  numerous  resonances 
exist  in  the  upper  test  frequency  spectrum 
rendering  impossible  vibration  inputs  of  equal 
amplitudes  and  in  phase  at  all  the  support  points 
for  the  shock  mounts.  On  the  basis  of  preliminary 
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Fig.  1  •  Integrated  electronics  rack  with  dummy  equipment 


Fig.  2  -  Electronics  rack  mounted  in  test  fixture 


tests,  the  number  3  accelerometer  position  ap¬ 
peared  to  provide  a  representative  input  to  the 
isolation  system.  Therefore  this  accelerometer 
was  selected  as  the  control  point  for  the  input 
vibration  levels.  In  the  lateral  direction  of 


excitation,  however,  the  dynamic  behavior  of  the 
test  system  resulted  in  the  presence  of  very 
high  input  vibration  levels  in  the  number  6  ac¬ 
celerometer  position  in  the  300-  to  500-cps 
frequency  range  as  shown  in  Fig.  3.  In  this 
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Fig.  3  -  Vibration  test  input  levels 
for  the  electronics  rack 


frequency  range  the  input  was  monitored  at 
position  number  6.  A  standard  procedure  for 
specifying  the  input  levels  when  this  situation 
occurs  should  be  defined. 

Another  problem  which  often  exists  under 
similar  circumstances  is  that  of  maintaining  a 
pure  sinusoidal  input  at  the  equipment  attach 
points.  This  phenomenon  is  illustrated  in  Figs 
4  and  5  for  a  100-pound  piece  of  equipment 


ACCELERATION 

(6RMS) 


Fig.  4  -  Unfiltered  equipment  response 
data  for  filtered  input  control  signal 


ACCELERATION 

(GRMS) 


bolted  to  a  2 -inch  aluminum  plate  excited  by  a 
5000-pound  shaker.  Figure  4  shows  the  unfil¬ 
tered  response  at  two  equipment  locations.  The 
output  from  an  accelerometer  at  the  test  fixture 
was  filtered  through  a  20-cps  bandwidth  filter 
and  used  to  maintain  a  constant  0.35  grms  input 
level.  Figure  5  shows  the  filtered  grms  level 
of  the  test  fixture  (20-cps  bandwidth  filter)  when 
the  unfiltered  level  is  maintained  at  0.35  grms. 
As  can  be  seen  by  this  example  the  severity  of 
the  test  can  differ  drastically  depending  upon 
whether  or  not  a  filtered  signal  is  used  to  con¬ 
trol  the  input  level.  Determination  of  standard¬ 
ized  procedures  to  resolve  this  problem  is  es¬ 
pecially  important  in  view  of  the  fact  that  this 
phenomenon  often  occurs  at  a  resonant  condition 
for  which  the  dwell  test  is  required. 

The  treatment  of  nonlinearities  must  also 
be  considered  in  standardization  of  test  proce¬ 
dures.  The  philosophy  of  accelerated  testing  is 
based  on  the  assumption  that  response  levels 
are  proportional  to  input  levels.  Nonlinearities 
in  equipment  response  may  negate  the  relation 
of  test  time  and  levels  to  those  occurring  in  the 
aircraft.  For  example,  a  friction  damped  vibra¬ 
tion  isolater  may  not  significantly  attenuate  the 
equipment  response  at  low  vibration  levels 
which  may  exist  in  the  aircraft  over  the  major 
portion  of  its  mission  profile,  but  may  provide 
a  high  degree  of  isolation  at  the  qualification 
test  levels.  In  such  a  case,  the  qualification 
test  may  not  be  sufficiently  severe  to  disclose 
potential  equipment  failures  which  may  occur  in 
service.  When  this  situation  occurs  the  trans- 
missibility  of  the  shock  mounts  at  levels  repre¬ 
sentative  of  the  aircraft  vibration  environment 
should  be  compared  with  that  of  the  qualification 
test  levels.  The  input  levels  should  then  be  ad¬ 
justed  to  take  into  account  these  differences  so 
that  the  proper  time  and  vibration  level  rela¬ 
tionships  between  aircraft  and  test  environments 
are  maintained. 

The  opposite  situation  may  also  occur  as 
illustrated  by  the  following  example.  A  black 
box  is  mounted  in  the  pilot's  console  by  means 
of  spring  loaded  Zeus  fasteners.  Available 
flight  vibration  data  on  nearby  equipment 
mounted  in  a  similar  fashion  are  in  the  ±  2-g 
acceleration  level.  When  the  black  box  was 
mounted  to  a  test  jig  and  vibrated  at  a  ±  10-g 
acceleration  level,  response  levels  up  to  ±  70-g 
were  obtained  over  a  wide  frequency  range. 

The  high  levels  were  due  to  the  "bottoming  out" 
of  the  fasteners.  Since  flight  vibration  data  in¬ 
dicated  that  this  did  not  occur  in  service,  a 
more  realistic  test  was  performed  by  clamping 
the  equipment  securely  to  the  test  fixture. 


Fig.  5  -  Filtered  value  of  input  for 
constant  unfiltered  input  control  signal 
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In  conducting  the  vibration  qualification 
test,  a  distinction  should  be  made  between  the 


tc  st  input  levels  for  performance  requirements 
and  for  structural  integrity.  Since  the  vibration 
test  is  an  accelerated  test,  it  is,  generally 
speaking,  unrealistic  to  specify  that  the  per¬ 
formance  requirements  be  met  during  the  test 
for  structural  integrity.  For  this  reason  a 
sweep  test  with  input  levels  representative  of 
the  aircraft  vibration  levels  should  be  conducted 
after  the  completion  of  the  structural  integrity 
test  to  check  equipment  performance.  For 
shock  mounted  equipment  this  test  should  also 
be  conducted  with  a  preload  on  the  shock 
mounts,  simulating  aircraft  maneuver  loads,  to 
insure  proper  functioning  of  the  mounts  and 
equipment  during  all  flight  conditions.  Since  an 
accurate  determination  of  time  to  failure  is  im¬ 
portant  in  vibration  qualification  testing,  it  may, 
of  course,  be  necessary  to  monitor  equipment 
performance  during  the  qualification  test  to 
establish  times  to  failure. 

Perhaps  the  most  controversial  and  diffi¬ 
cult  aspect  of  sinusoidal  qualification  testing  is 
the  selection  of  the  dwell  frequencies.  For  the 
heavier  and  more  structurally  complex  equip¬ 
ment  many  resonances  will  be  detected  during 
the  qualification  test.  The  frequencies  and 
amplitudes  of  these  resonances  will  depend  upon 
the  location  of  the  response  measurement.  This 
is  illustrated  in  Fig.  6  where  the  response  of 
the  electronic  rack  and  equipment  (Fig.  1)  is 
given  at  two  different  locations.  The  selection 
of  frequencies  for  dwell  cannot  be  realistically 
based  on  a  simple  criterion  such  as  maximum 
response  levels  since  the  modes  of  vibration 
for  which  the  maximum  stresses  are  experienced 
are  not  necessarily  the  same  as  those  for  which 
the  amplitudes  at  any  given  location  on  the 
equipment  are  a  maximum. 


FREQUENCY  (CPS) 

Fig.  6  -  Vibration  test  response  levels 
for  the  electronics  rack 


Before  standard  procedures  are  established 
for  selecting  dwell  frequencies,  the  philosophy 
of  the  dwell  test  should  be  critically  examined. 


Resonance  dwell  testing  is  based  on  the  premise 
that  the  most  probable  types  of  vibration  damage 
that  will  occur  in  service  are  those  which  will 
result  from  excitation  of  the  equipment  resonant 
modes  observed  in  the  qualification  test.  This 
reasoning  follows  from  the  fact  that  the  highest 
stresses  in  a  structure  subjected  to  a  force 
field  having  a  wide -band  frequency  spectrum 
normally  occur  in  the  resonant  modes  of  the 
structure. 

Several  considerations  appear  to  cast  con¬ 
siderable  doubt  on  the  validity  of  the  dwell  test, 
especially  in  the  case  of  the  heavier  and  more 
structurally  complex  equipment.  From  the 
standpoint  of  the  basic  structure,  the  greatest 
fatigue  damage  sustained  during  the  qualifica¬ 
tion  test  will  undoubtedly  occur  during  the  struc¬ 
tural  resonances.  Equipment  malfunction,  per¬ 
formance  degradation,  or  fatigue  damage  due  to 
the  existence  of  high  stresses  in  the  electronic 
components  mounted  to  the  structure  can,  how¬ 
ever,  occur  in  the  qualification  test  either  as  a 
result  of  amplification  of  the  structural  dis¬ 
placements  where  the  components  are  mounted 
or  as  a  result  of  an  excitation  of  a  resonance  in 
the  component  itself.  The  latter  condition  will 
not  generally  result  in  a  significant  increase  in. 
response  at  the  points  being  monitored. 


The  situation  is  further  complicated  by  the 
fact  that  the  resonant  modes  of  the  equipment 
mounted  in  the  rigid  test  fixture  may  differ  sig¬ 
nificantly  from  those  which  will  be  experienced 
when  the  equipment  is  mounted  in  the  aircraft. 
This  is  illustrated  in  Fig.  7  for  a  180-pound 
shock -mounted  piece  of  equipment.  The  solid 
curves  are  the  transmissabilities  of  the  shock 
mounts  obtained  in  the  qualification  test.  The 
dashed  curves  are  the  transmissabilities  of  the 
shock  mounts  obtained  from  measurements 
made  during  a  ground  shake  test  of  the  airplane. 
It  is  to  be  noted  that  the  response  of  the  equip¬ 
ment  in  the  aircraft  differs  significantly  from 
that  in  the  qualification  test.  Transmissabili¬ 
ties  computed  from  flight  data,  indicated  by  the 
circles  on  the  graph,  are  in  good  agreement  with 
the  ground  shake  test  results.  It  should  be  em¬ 
phasized  that  this  illustration  is  cited  only  to 
show  the  differences  which  may  exist  between 
responses  of  equipment  in  the  test  fixture  and 
the  aircraft,  and  does  not,  in  itself,  provide  any 
indication  of  the  relative  severity  of  the  qualifi¬ 
cation  test  and  service  environment  with  re¬ 
spect  to  the  shock  mounts.  It  does  demon¬ 
strate,  however,  the  fallacy  of  equating 
qualification  test  input  amplitudes  to  aircraft 
structural  amplitudes,  even  though  the  latter 
may  have  been  measured  at  the  mounting  point 
of  the  equipment. 
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Fig.  7  -  Shock  mount  transmissability  curves 


The  philosophy  of  the  resonant  dwell  test 
fails  to  take  into  proper  consideration  possible 
attenuation  effects  of  aircraft  structure  which 
may  be  significant  for  even  relatively  light 
pieces  of  equipment.  Consider,  for  example,  a 
piece  of  equipment  weighing  2-1/2  pounds  whose 
structure  is  roughly  that  of  a  box  7  inches  long 
with  a  2-1/2-  by  4-inch  cross  section  which  is 
mounted  to  a  relatively  flexible  panel  in  the  air¬ 
craft  by  four  screws  at  one  end  of  the  equipment. 
Regardless  of  the  rigidity  of  the  equipment 
structure,  it  will  exhibit  clamped-beam  type 
resonances  when  mounted  in  the  test  fixture  with 
resultant  high  stresses  in  the  structural  mem¬ 
bers  near  the  attach  points.  In  the  aircraft 
mounting,  however,  the  mode  of  highest  ampli¬ 
fication  may  be  a  rigid-body  mode  whose  reso¬ 
nant  frequency  is  governed  by  the  stiffness 
properties  of  the  panel.  If  the  panel  is  relatively 
flexible  as  compared  to  the  equipment  structure, 
the  stresses  in  the  structure  will  be  much  lower 
at  resonance  than  those  occurring  during  the 
qualification  test. 

One  cannot  make  generalizations  from  the 
above  simple  examples  as  to  the  relative  sever¬ 
ity  of  stresses  experienced  in  the  test  fixture 
and  in  the  aircraft.  However,  the  mere  fact 
that  the  resonances  in  the  aircraft  may  occur  at 
frequencies  different  from  those  in  the  test  jig 
indicates  that  the  distribution  of  stresses  within 
the  equipment  at  resonances  in  the  aircraft  will 
differ  from  that  which  exists  during  the  corres¬ 
ponding  resonant  modes  in  the  test  jig.  For 
this  reason,  fatigue  damage  sustained  in  the 
dwell  test  may  not  be  indicative  of  that  which 
may  occur  in  service.  In  the  above  example, 
dwelling  at  resonance  may  induce  structural 
fatigue  at  the  attach  points  whereas  in  the  air¬ 
plane  the  resonant  frequency  could  coincide  with 
a  local  resonance  of  a  circuit  board  or  some 
other  electronic  component  with  resultant  wire 
breakage  or  component  failure. 


An  additional  unrealistic  aspect  of  dwell 
testing  is  the  possibility  that  some  subassem¬ 
blies  of  the  structure  may  experience  high 
stresses  in  several  of  the  modes  selected  for 
dwell.  This  may  be  particularly  true  when  a 
given  structural  mode  responds  in  each  of  the 
axes  of  excitation.  The  probability  that,  in  any 
given  aircraft,  all  of  these  modes  will  be  strongly 
excited  is  indeed  remote.  In  such  cases  the 
qualification  test  may  be  overly  conservative 
for  these  particular  subassemblies. 

The  philosophy  of  dwell  testing  is  best 
suited  to  the  case  where  the  equipment  will  be 
subjected  to  broadband,  random,  white  excita¬ 
tion.  Under  this  condition,  the  equipment  reso¬ 
nances  represent  more  closely  the  modes  in 
which  fatigue  damage  is  most  likely  to  occur. 
Equipment  in  aircraft  is  not  usually  subjected 
to  this  type  of  vibration  excitation.  Some  exci¬ 
tations  due  to  mechanical  sources,  such  as  en¬ 
gines,  auxiliary  power  supplies,  and  cooling 
fans;  or  aerodynamic  sources,  such  as,  propel¬ 
ler  inbalance,  are  sinusoidal  in  nature.  More¬ 
over,  the  broadband  acoustic  excitation  to  the 
aircraft  is  attenuated  by  the  structure  of  the 
airplane  so  that  certain  frequencies  are  gener¬ 
ally  predominant  at  the  attachment  points  of  the 
equipment.  Of  course,  there  is  always  the  pos¬ 
sibility  that  one  of  the  predominant  frequencies 
may  excite  a  resonant  mode  in  the  equipment 
which  is  similar  to  a  resonance  detected  during 
qualification  testing.  Such  occurrance  would 
justify  dwelling  at  this  resonance  in  the  qualifi¬ 
cation  test.  We  must,  however,  weigh  the  odds 
of  this  event  against  the  probability  that  the 
predominant  frequencies  of  excitation  will  not 
result  in  high  equipment  stresses  representa¬ 
tive  of  those  obtained  in  resonance  dwell  tests, 
before  we  arbitrarily  elect  to  subtract  time 
from  the  remaining  frequencies  in  order  to 
concentrate  on  a  few  in  the  qualification  test. 
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A  greater  effort  should  be  extended  to  de¬ 
termine  under  what  conditions,  if  any,  the  dwell 
test  is  justifiable.  If  further  investigation  indi¬ 
cates  that  the  dwell  test  is  a  valid  one,  then  it 
should  also  indicate  what  procedures  are  re¬ 
quired  in  the  qualification  test  to  select  those 
resonant  modes  which  are  most  apt  to  be  criti¬ 
cal  in  the  aircraft  environment.  Moreover,  it 
should  also  provide  a  better  indication  of  what 
iest  levels  and  times  should  be  used  for  those 
dwells  which  are  deemed  necessary. 

Vibration  requirements,  like  all  other 
equipment  requirements,  are  included  in  the 
contract  with  the  vendor  to  assure  delivery  of 
an  article  which,  in  the  contractor's  best 
judgement,  will  provide  satisfactory  perform¬ 
ance  in  the  aircraft.  One  important  advantage 
of  standardizing  test  procedures  is  the  elimina¬ 
tion  of  ambiguities  in  test  results  due  to  possi¬ 
ble  choice  of  test  procedures  thereby  resolving 
legal  questions  as  to  whether  the  contractual 
requirements  have  been  met.  If  this  were  the 
only  objective  of  standardization  of  test  proce¬ 
dures,  any  arbitrary  set  of  standards  would 
serve  the  purpose  equally  well.  The  primary 
function  of  qualification  testing  is  to  detect  and 
eliminate  those  failures  which  may  occur  in 
service.  Since  there  is  not  a  one-to-one  cor¬ 
respondence  between  qualification  test  failures 
and  probable  service  failures,  standardization 
of  testing  techniques  should  also  attempt  to 
minimize  the  probability  of  occurrence  of  non¬ 
service  related  failures  and  provide  the  maxi¬ 
mum  amount  of  information  needed  to  evaluate 
the  probability  of  test  failures  occurring  in 
service. 

The  problem  of  relating  qualification  test 
failures  to  the  probability  of  similar  failures 
occurring  in  service  is  a  formidable  one.  The 
sole  approach  to  this  problem  to  date  seems  to 
be  reliance  on  engineering  judgement.  Since 
considerable  expeditures  of  both  time  and 
money  often  hinge  on  the  decision  of  whether  to 
accept  equipment  which  has  experienced  failure 
in  vibration  testing  on  a  calculated-risk  basis, 
it  is  of  utmost  importance  that  fundamental 
principles  be  established  to  form  a  rational 
basis  for  such  decisions. 

The  scope  of  this  problem  extends  beyond 
the  standardization  of  test  procedures,  it  en¬ 
compasses  the  specification  of  test  levels  and 
times  and  the  manner  in  which  test  results  are 
reported, 

TEST  SPECIFICATIONS 

Equipment  requirements  are  often  estab¬ 
lished  in  the  design  phase  of  an  aircraft  prior 


to  the  availability  of  any  environmental  data. 
Even  in  the  case  of  new  equipment  for  an  exist¬ 
ing  aircraft,  practical  considerations  limit  the 
amount  of  flight  vibration  data  available  to  serve 
as  a  guide  in  establishing  test  levels.  For  these 
reasons  the  vibration  requirements  are  often 
patterned  after  those  of  military  specifications 
even  though  it  is  not  the  intent  of  the  contractor 
to  install  equipment  which  meets  the  military 
specifications,  per  se. 

A  review  of  available  flight  data,  as  a  basis 
for  establishing  qualificationtest  levels  for  elec¬ 
tronic  equipment  installed  in  aircraft  was  per¬ 
formed  by  Lunney  and  Crede.1  Although  this 
work  provides  a  significant  contribution  to  our 
understanding  of  the  philosophy  of  the  sinusoidal 
qualification  test,  it  also  points  out  the  need  for 
standardization  of  flight  vibration  measurements 
and  data  reduction  techniques.  Since  much  of  the 
reviewed  data  was  published  before  the  concept 
of  random  vibrations  to  describe  structural  vi¬ 
brations  was  widely  accepted  in  the  aircraft  in¬ 
dustry,  one  would  tend  to  have  reservations 
concerning  the  accuracy  of  the  reported  accel¬ 
eration  levels  and  frequencies.  Moreover,  the 
percentage  of  flight  time  the  reported  levels 
were  experienced  is  unknown.  The  time  factor 
is  very  important  in  the  evaluation  of  test  input 
levels  and  time  duration.  Finally,  there  is  no 
way  to  relate  the  reported  structural  response 
levels  to  equipment  test  input  levels  as  a  func¬ 
tion  of  equipment  weight,  relative  stiffness 
properties,  or  any  other  factor  which  may  in¬ 
fluence  the  equipment  response  to  aircraft 
vibration. 

During  recent  years,  a  great  deal  of  work 
has  been  done  on  the  application  of  statistical 
procedures  to  the  problem  of  characterizing  vi¬ 
bration  environments  in  aerospace  vehicles  (for 
example,  see  Refs.  2  and  3).  The  use  of  the  con¬ 
cept  of  mechanical  impedance  as  a  means  of 
achieving  a  more  realistic  simulation  of  the 


*E.  J.  Lunney,  and  C.  E.  Crede,  "The  Estab¬ 
lishment  of  Vibration  and  Shock  Tests  for  Air¬ 
borne  Electronics,"  WADC  Technical  Report 
57-75,  ASTIA  Document  No.  AD  142349  (Jan. 
1958). 

^J.  S.  Bendat,  L.  D.  Enochson,  G.  H.  Klein,  and 
A.G.  Piersol,  "The  Application  of  Statistics  to 
the  Flight  Vehicle  Vibration  Problem,"  ASD 
Technical  Report  61-123  (Dec.  1961). 

■*J.  S.  Bendat,  L.  D.  Enochson,  G.  H.  Klein,  and 
A.  G.  Piersol,  "Advanced  Concepts  of  Stochastic 
Processes  and  Statistics  for  Flight  Vehicle  Vi¬ 
bration  Estimation  and  Measurement,"  ASD- 
TDR-62-973  (Dec.  1962). 
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vibration  environment  in  the  test  laboratory4  is 
also  receiving  more  attention.  With  additional 
knowledge,  gained  through  experience  in  work¬ 
ing  with  these  approaches,  it  should  be  possible 
to  develop  a  unified  program  of  flight  vibration 
measurement  and  analysis  which  will  provide  a 
better  basis  for  the  establishment  of  vibration 
test  specifications  than  is  currently  available. 

Meanwhile,  available  data  on  equipment  vi¬ 
bration  levels  in  aircraft  should  be  utilized  to 
the  fullest  possible  extent  as  a  guide  in  deter¬ 
mining  test  specifications.  Possible  discrepan¬ 
cies  in  the  use  of  vibration  levels  on  the  struc¬ 
ture  as  a  basis  for  test  specifications  is 
illustrated  in  the  following  example.  Vibration 
levels  up  to  ±  17-g  at  discrete  frequencies  were 
measured  during  gun  firing  on  aircraft  structure 
of  the  electronics  compartment  floor.  Accord¬ 
ingly,  the  performance  requirement  of  a  piece 
of  equipment  which  is  mounted  on  a  shelf  at¬ 
tached  to  the  floor  structure  and  which  must 
operate  satisfactorily  during  gun  firing  was 
based  on  a  ±  17-g  input  during  the  vibration 
qualification  test.  Inability  of  the  vendor  to 
meet  this  requirement  resulted  in  a  decision  to 
measure  vibration  levels  on  the  base  of  the 
equipment  during  inflight  gun  fire.  These 
measurements  showed  a  maximum  level  of  ±  5-g. 
In  this  particular  case,  the  equipment  weight 
(45  pounds)  and  the  support  structure,  each 
probably  played  a  significant  role  in  the  atten¬ 
uation  of  the  vibration  levels  of  the  equipment. 

Flight  vibration  data  on  equipment  availa¬ 
ble  to  the  engineers  of  any  single  company  are 
too  limited  in  their  scope  to  form  a  reliable 
basis  for  judging  relative  vibration  levels  of 
equipment  and  aircraft  structures.  For  this 
reason  it  is  recommended  that  some  central 
coordinating  agency  compile  and  correlate  such 
data  with  the  various  parameters  which  may  in¬ 
fluence  the  levels  of  the  equipment  response. 


TEST  REPORTS 

The  importance  of  the  role  played  by  the 
qualification  test  report  in  the  problem  of  inter¬ 
pretating  test  results  cannot  be  over-emphasized. 
Since  in  many  instances,  the  contractor's  deci¬ 
sion  as  to  the  course  of  action  to  be  pursued  as 
a  result  of  qualification  test  failures  must  be 


4F.  J.  On,  and  R.  O.  Belsheim,  "A  Theoretical 
Basis  for  Mechanical  Impedance  Simulation  in 
Shock  and  Vibration  Testing  of  One  -Dimensional 
Systems,"  NASA  Technical  Note  D-1854,  {Aug. 
1963). 


based  entirely  upon  the  information  c  ontained 
in  the  test  report,  it  is  of  vital  importance  that 
the  report  include  all  the  pertinent  facts  needed 
to  evaluate  test  failures.  To  insure  that  such 
information  is  included,  it  would  be  highly  de¬ 
sirable  to  establish  a  standard  format  to  be  fol¬ 
lowed  throughout  the  industry  in  the  preparation 
of  qualification  test  reports.  In  addition  to  in¬ 
suring  the  inclusion  of  desired  information, 
standardization  of  test  reports  would  represent 
a  cost  savings  to  both  the  vendor  and  the  con¬ 
tractor  by  reducing  the  time  required  to  pre¬ 
pare,  review,  and  revise  the  report. 

In  the  authors'  experience,  test  reports  are 
often  lacking  in  clear  photographs  or  sketches 
showing  test  setups  including  the  method  of 
mounting  the  equipment  in  the  test  fixture  and 
location  of  accelerometers  for  measuring 
equipment  response  and  monitoring  the  shaker 
input.  Information  on  how  resonances  were  de¬ 
tected,  descriptions  of  the  resonant  modes,  and 
factors  influencing  the  selection  of  dwell  fre¬ 
quencies  is,  in  general,  meager  or  entirely 
missing.  Attempts  to  obtain  additional  informa¬ 
tion  needed  to  assist  in  evaluating  qualification 
test  results  often  prove  futile  because  the  nec¬ 
essary  observations  were  not  made  during  the 
test.  For  this  reason,  it  is  essential  that  the 
scope  of  the  test  procedure  standards  be  suffi¬ 
ciently  extensive  to  prescribe  what  records 
should  be  kept  during  the  qualification  test  with 
particular  emphasis  on  those  required  to  evalu¬ 
ate  equipment  failures. 

CONCLUSIONS  AND 
RECOMMENDATIONS 

In  order  to  maximize  the  effectiveness  of 
the  vibration  qualification  test  as  a  means  of 
insuring  that  equipment  will  successfully  with¬ 
stand  its  vibration  environment  without  undue 
penalties  in  cost,  weight,  and  time,  the  follow¬ 
ing  objectives  must  be  accomplished: 

Standardization  of  Flight 
Vibration  Data 

An  accurate  evaluation  of  qualification  test 
specifications  and  procedures  is  possible  only 
if  the  statistical  properties  of  the  aircraft  vi¬ 
bration  environment  are  determined.  In  order 
to  pool  data  from  many  sources,  standardization 
of  vibration  measurements  and  data  reduction 
methods  is  required.  Prior  to  establishing  a 
standard  for  flight  vibration  data,  however,  it 
will  be  necessary  to  determine  the  type  of  data 
(i.e .,  equipment  response,  force  measurements, 
or  structural  acceleration)  which  provides  the 
best  basis  for  specifying  the  vibration  qualifi¬ 
cation  test. 
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Standardization  of  Test  Procedures 

Ambiguities  in  vibration  qualification  test 
results,  due  to  the  manner  in  which  the  test  is 
conducted,  can  be  eliminated  by  standardization 
of  test  procedures.  Principal  problems  to  be 
resolved  in  this  area  are:  treatment  of  jig 
resonances,  maintaining  a  sinusoidal  input, 
treatment  of  nonlinear  effects,  and  selection  of 
frequencies  for  dwell. 

Standardization  of  Test  Reports 

Standardization  of  the  qualification  test  re¬ 
port  would  insure  proper  documentation  of  the 
test  results. 

Follow-Up  Program  on  Equipment 
Failures  Due  to  Vibration 

The  inclusion  of  mean-time -between- 
failures  requirements  in  contracts  for  vendor 


supplied  equipment  will  require  that  accurate 
records  of  equipment  performance  in  service 
be  maintained.  Correlation  of  this  field  data 
with  vibration  qualification  test  results  would 
provide  a  basis  for  evaluating  the  realism  of 
the  vibration  qualification  tests.  To  be  noted  in 
particular  are  (1)  the  types  of  failures  attributed 
to  vibration  in  the  field  but  not  observed  during 
the  qualification  test,  and  (2)  the  types  of  fail¬ 
ures  occurring  in  the  vibration  qualification 
tests  of  equipment  accepted  for  service  without 
redesign  and  which  did  not  subsequently  occur 
in  service.  It  is  recommended  that  some  cen¬ 
tral  coordinating  agency  be  assigned  the  respon¬ 
sibility  of  compiling  and  analyzing  data  on 
equipment  for  which  service  failures  due  to  vi¬ 
bration  is  inconsistent  with  vibration  qualifica¬ 
tion  test  results.  The  information  brought  to 
light  by  this  means  would  provide  a  more  ra¬ 
tional  basis  for  the  evaluation  of  qualification 
test  specifications  and  test  failures  than  is  cur¬ 
rently  available. 


DISCUSSION 


Mr.  Todaro  (University  of  California. 

LRL):  It  appears  to  me  that  there  was  a  long 
coupling  rod  from  a  welded  structure  going 
back  to  the  shaker.  If  that  was  the  case,  what 
was  the  natural  frequency  of  that  structure,  and 
did  it  happen  to  coincide  with  a  dip  on  one  of 
your  response  curves? 

Mr.  Lamoree:  I  cannot  answer  this  ques¬ 
tion  because  I  am  not  aware  of  the  details.  This 
design  was  completed  before  I  was  involved  and 
I  am  merely  reporting  on  it. 

Mr.  Unholtz  (Unholtz -Dickie  Corp.):  You 
stated  that  there  are  two  military  specifications, 
one  of  which  is  almost  opposite  to  the  other: 
namely  MIL-E-5272  which  states  that  the  maxi¬ 
mum  vibration  level  of  several  accelerometers 
should  not  exceed  the  specification  level;— while 
in  another  specification  the  minimum  vibration 
level  had  to  be  at  least  the  specification  level. 

I  believe  I  am  correct  in  stating  that  MIL-E- 
5272  has  now  been  amended  so  that  it  calls  for 
the  average  of  several  accelerometer  readings 


to  be  equal  to  or  greater  than  the  specification 
levels.  It  seems  to  me  that  this  is  a  recognition 
on  the  part  of  the  specification  writers  of  the 
problems  that  have  been  discussed  here,  and 
while  it  may  be  an  arbitrary  solution,  it  may  at 
least  take  the  sharpness  off  the  peaks  and 
valleys  of  some  of  the  responses. 

Mr.  Wilson  (Emerson  Elec.):  I  notice  on 
most  of  your  graphs  that  the  frequency  started 
at  20  cps  and  went  on  up.  We  have  had  a  lot  of 
trouble  in  the  5-  to  20-cycle  region.  Do  you 
also  have  trouble  in  this  area? 

Mr.  Lamoree:  No,  our  tests  were  made 
from  5  to  750  cps.  The  range  in  the  slides  was 
arbitrarily  decreased.  We  sometimes,  however, 
have  had  troubles  at  low  frequency  in  getting  a 
pure  sine-wave. 

Dr.  Vigness:  I  think  the  problem  of  getting 
a  uniform  type  of  vibration  test  is  one  of  the 
things  which  is  going  to  bother  us  most  in  the 
future. 
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TAMING  THE  GENERAL-PURPOSE  VIBRATION  TEST* t 


J.  P.  Salter 

War  Office,  Royal  Armaments  Research  and 
Development  Establishment 
Fort  Halstead,  England 


There  is  little  doubt  that  the  acceleration  levels  quoted  in  many  of  the 
general-purpose  vibration  test  specifications  issued  by  official  agencies 
are  based  upon  measurements  made  at  vibration  antinodes.  Where  this 
is  so,  there  is  no  justification  for  permitting  the  acceleration  level  at 
any  of  the  attachment  points  to  exceed  the  level  quoted,  or  for  permitting 
the  applied  force  to  exceed  a  computable  value.  An  extension  of  the  con¬ 
trol  system  results  in  a  more  rational  test. 


THE  GENERAL-PURPOSE  TEST 

Considerable  publicity  has  been  given  in 
the  course  of  recent  symposia  to  the  difficult 
task  facing  the  writer  of  a  test  specification 
dealing  with  vibration  environments.  1-6.  8-11 
(See  References,  216-217.) 

The  test  he  evolves  will  form  the  basis  of 
a  contract  (formal  or  implied)  between  a  supplier 
and  a  user,  and  will  result  in  the  acceptance  or 
rejection  of  a  proffered  article.  Both  parties 
to  the  contract  would  like  the  test  to  result  in 
the  acceptance  of  only  what  is  service-worthy 
and  the  rejection  of  only  what  is  not,  but  it  is 
now  becoming  more  widely  appreciated  that  it 
is  beyond  our  present  ability  to  devise  a  vibra¬ 
tion  test  which  will  give  a  verdict  with  a  con¬ 
fidence  level  even  moderately  acceptable  to 
supplier  and  user  alike.  In  fact,  such  is  the 
interaction  between  the  dynamic  characteristics 
of  an  article  and  those  of  the  hardware  with 
which  it  will  be  associated  in  real  life  that  even 
a  test  carefully  tailored  to  relate  to  a  single 
specific  article  whose  survival  in  a  single  en¬ 
vironmental  circumstance  is  at  issue  is  likely 
to  be  seriously  invalid  in  one  or  more  respects. 

Despite  this,  the  specification  writer  finds 
himself  called  upon  to  tackle  the  problem  of  de¬ 
vising  a  general-purpose  vibration  test  which 
can  be  applied  by  unsophisticated,  minimally- 
equipped,  test  personnel  to  broad  groupings  of 


widely-diverse  articles  whose  future  environ¬ 
mental  circumstances  can  only  be  guessed  at. 

His  protests  are  unavailing;  he  has  to  do  the 
best  he  can;  and  in  due  course  the  outcome  of 
his  labours  becomes  yet  another  of  the  many 
generalized  vibration  test  specifications  issued 
over  the  past  15  years  by  the  various  official 
agencies. 

We  may  not  like  this  situation,  and  we  may 
be  further  disturbed  to  note  from  this  year’s 
batch  of  symposium  papers  that  it  is  those  very 
writers  whose  practical  experience  is  most 
broadly  based  who  have  most  sympathy  with 
disgruntled  suppliers  and  users  when  they  com¬ 
plain  of  service -worthy  equipment  being  rejected 
and  inferior  equipment  being  accepted  by  the  ap¬ 
plication  of  these  tests.7  But  whether  we  like  it 
or  not,  the  situation  will  be  with  us  for  many 
years  to  come,  and  we  would  do  well  to  accept 
and  publicise  the  fact  that  such  tests  can  be  no 
more  than  arbitrary  barriers  to  poor  design  or 
faulty  production,  and  to  do  what  we  can  to  im¬ 
prove  them  as  such. 


TWO  POSSIBLE  IMPROVEMENTS 

The  most  widely  used  general-purpose  test 
calls  for  the  article  to  be  attached  to  a  vibrator 
by  its  normal  points  of  attachment  and  subjected 
to  sinusoidal  vibration  whose  frequency  is  swept 
backwards  and  forwards  between  stated  limits. 


*Thi8  paper  has  been  reproduced  from  'Environmental  Engineering'  by  courtesy  of  the  Society  of 
Environmental  Engineers,  167  Victoria  Street,  London,  S.W.  1. 
tThis  paper  was  r.nt  presented  at  the  Symposium. 


211 


The  intensity  of  the  vibra  n  is  specified  in 
quite  simple  terms:  e.g  ,  ^  F  from  20  cps  to 
2  k?,  and  the  ace- vied  con.  vntion  is  that  some 
form  of  control  system  (automatic,  or  manual) 
should  be  employed  to  ma  .ntain  this  intensity 
at  a  single  point  of  the  structure  (normally  one 
of  the  points  of  attachment  ■  throughout  the  test. 

Two  aspects  of  such  a  cost  are  considered 
here,  each  capable  oi  mock  improvement. 

The  first  is  that  in  maintaij  ing  the  specified 
acceleration  level  at  the  pout  of  attachment 
which  happens  to  carry  the  control  accelero¬ 
meter  we  may  well  be  generating  a  much  higher 
level  of  acceleration  at  one  or  other  of  the  re¬ 
maining  points  of  attachment.  This  will  occur 
whenever  the  excitation  frequency  is  such  that 
the  control  accelerometer  finds  itself  at  a  local 
vibration  node,  as  may  repeatedly  happen  at 
the  higher  frequencies.  The  second  is  that  in 
maintaining  the  specified  acceleration  level, 
regardless  of  the  dynamic  reactions  of  the 
article  under  test,  we  are  treating  the  article 
as  if,  in  service  use,  it  will  be  attached  to  a 
structure  of  infinite  mechanical  impedance, 
rather  than  to  a  structure  whose  impedance,  as 
the  natural  outcome  of  normal  engineering 
practice,  will  seldom  be  vastly  greater  than  that 
of  the  article  itself,  and  may  well  be  significantly 
less  at  certain  critical  frequencies. 

As  we  shall  see,  neither  practice  is  con¬ 
sistent  with  the  line  of  reasoning  which,  con¬ 
sciously  or  otherwise,  prompted  the  adoption  of 
the  particular  acceleration  level  as  being  ap¬ 
propriate  to  the  particular  specification. 

Bearing  in  mind  that  we  have  to  be  content 
to  make  the  best  of  a  notably  bad  job,  it  is  sug¬ 
gested  that  the  test  can  be  improved  in  two  ways: 
by  employing  multi-point  rather  than  single¬ 
point  acceleration  control  (i.e.,  insuring  that  at 
no  point  on  the  normal  mounting  surface  of  the 
article  does  the  acceleration  level  exceed  the 
specified  value),  and  by  setting  an  appropriate 
limit  to  the  force  we  bring  to  bear  on  the  test 
article. 


THE  DATA -REDUCTION  PROCESS 

To  justify  these  suggestions  we  must  ex¬ 
amine,  in  some  detail,  the  procedure  adopted 
in  the  derivation  of  the  stipulated  test  level, 
because  inherent  in  this  process  is  a  factor 
which  appears  to  have  been  generally  over¬ 
looked. 

In  general,  it  can  be  said  that  these  test 
levels  are  based  upon  a  somewhat  heterogeneous 
collection  of  acceleration  measurements  made 


o'er  the  years  at  a  large  number  of  selected 
pvhiis,  on  a  large  number  of  assorted  articles 
oi  hardware,  situated  at  a  variety  of  locations, 
r  a  large  number  of  vehicles,"  and  experienc- 
ng  a  variety  of  service  environments. 

Dependi’**;  upon  the  sophistication  of  the 
trials  instrumentation  and  upon  the  type  of  data- 
analysis  equipment  available  to  the  investigator, 
each  such  exercise  can  be  assumed  to  have 
yielded  either  a  family  of  curves  of  intensity 
against  frequency,  or  a  number  of  traces  of  in¬ 
stantaneous  acceleration  against  time,  or  a 
number  of  spot  values  related  to  the  highest 
instantaneous  value  of  acceleration  encountered 
during  the  experience. 

Stage  by  stage,  over  the  years,  this  unwieldy 
mass  of  original  data  has  been  processed  piece¬ 
meal  by  a  variety  of  individuals  employing  a 
variety  of  data  reduction  techniques,  probably 
the  only  commom  factor  being  an  understandable 
wish  to  err  on  the  safe  side. 

It  is  this  defensive  approach  which  has  lead 
each  individual  in  his  turn  to  adopt  an  intensity 
level  high  enough  to  embrace  all  the  maximum 
values  revealed  by  the  data  he  has  been  proc¬ 
essing,  and  it  is  here  that  the  crux  of  the  matter 
lies. 

To  take  a  very  simple  example  let  us  con¬ 
sider  the  case  of  a  vital  article  of  navigational 
equipment  which  is  to  be  installed  in  a  particular 
type  of  jet  aircraft.  It  is  envisaged  that  the  user 
may  decide  to  mount  the  equipment  in  any  one 
of  three  locations  on  the  airframe,  and  tape 
records  are  made  of  the  accelerations  at  each 
of  the  four  points  of  attachment  of  the  article 
during  a  particular  phase  of  flight,  with  the 
article  mounted  at  each  location  in  turn. 

On  playback,  the  investigator  may  well  have 
been  encouraged  to  note  that  in  terms  of  rms 
level  of  intensity  there  was  little  to  choose  be¬ 
tween  the  dozen  records;  and  had  he  investigated 
the  spectral  distribution  of  the  vibrational  en¬ 
ergy  by  employing  filters  of  unusually  wide 
bandwidth  (say  two  octaves  wide)  there  may  well 
have  been  little  to  choose  between  the  dozen 
smooth  curves  that  resulted. 

But  when  he  carries  out  the  more  normal 
frequency  analysis  using  filter  bandwidths  ap¬ 
propriate  to  the  work,  and  examines  the  result¬ 
ing  curves  of  spectral  density  against  frequency, 


'rThc  term  'vehicle'  is  used  here  in  its  broadest 
sense  to  include  a  complete  missile,  a  ship,  an 
aircraft,  and  the  like,  as  well  as  a  land  vehicle. 
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significant  differences  become  apparent, 
curve  displays  a  number  of  peaks  and  troughs, 
ar  c  the  frequencies  at  which  the  major  peaks 
occur  differ  significantly  from  curve  to  curve, 
li  the  dozen  curves  are  plotted  on  a  single  sheet 
of  paper  it  becomes  clear  that  the  peaks  are 
distributed  over  quite  wide  sections  of  the  fre¬ 
quency  spectrum,  despite  the  fact  that  he  has 
so  fai  investigated  only  three  possible  locations 
in  a  single  vei  sion  of  one  type  of  aircraft.  In 
order  to  err  on  the  sate  side,  and  to  v.aier  for 
the  possible  use  of  his  navigational  equipment 
in  a  number  of  versions  of  the  aircraft,  he  sees 
no  alternative  but  to  define  a  test  level  derived 
from  a  smooth  curve  enveloping  not  only  the 
peaks  whose  existence  and  magnitude  he  has  ex¬ 
perimentally  established,  but  also  an  adequacy 
of  peaks  at  intermediate  frequencies  whose  level 
he  estimates  by  visual  interpolation  between  the 
established  peaks. 


NODES  AND  ANTINODES 

The  implications  of  this  action  can  best  be 
appreciated  by  visualizing  the  behaviour  of  the 
complete  aircraft  structure  if  it  were  subjected 
to  single -frequency  sinusoidal  excitation.  For 
any  spot  frequency  there  would  be  a  clearly  de¬ 
fined  standing-wave  pattern  distributed  three 
dimensionally  over  the  structure.  Some  points 
would  be  at  vibration  antinodes,  others  at  vibra¬ 
tion  nodes.  The  transfer  of  a  piece  of  equip¬ 
ment  from  one  area  to  another  would  result  in 
a  change  of  pattern,  localised  or  widespread. 

If  the  excitation  frequency  were  altered,  a 
completely  new  standing -wave  pattern  would 
result,  and  if  we  confined  our  attention  to  a 
single  point  on  the  structure  whilst  the  excita¬ 
tion  frequency  was  being  smoothly  swept  from 
a  low  frequency  to  a  high  frequency  we  should 
observe  the  acceleration  level  building  up  to  a 
peak  value  as  an  antinode  approached  and 
coincided  with  our  monitoring  point,  falling 
away  subsequently  to  a  trough  as  the  antinode 
moved  elsewhere  and  was  replaced  by  a  node, 
only  to  rise  again  with  the  approach  of  another 
antinode. 

A  plot  of  accleration  level  against  frequency 
for  this  point  would  thus  exhibit  a  number  of 
peaks  and  troughs,  much  as  did  each  of  the 
spectral  density  curves  relating  to  the  naviga¬ 
tional  equipment,  and  in  the  main  for  the  same 
reasons,  the  presence  or  absense  of  vibration 
antinodes  at  the  measuring  point. 

Thus  we  see  that  in  basing  his  test  level 
upon  a  line  enveloping  all  the  peaks  the  inves¬ 
tigator  is  in  fact  postulating  the  existence  of 


11  four  points  <:*  attachment  simul¬ 
taneously,  and  their  continuous  existence  over 
a  wide  range  of  frequency.  He  is  in  fact  stating 
a  level  of  acceleration  that  will  not,  in  his 
opinion,  be  exceeded  at  any  of  the  points  of  at¬ 
tachment  in  any  service  usage. 


MULTIPOINT  CONTROL 

the  iight  of  tnis,  let  us  review  the  vibra¬ 
tion  test  itself. 

When  the  navigational  equipment  is  mounted 
on  a  vibrator  table  for  test  purposes,  the  whole 
assembly  (equipment,  attachment  jig,  table,  and 
suspension)  becomes  a  single  coherent  structure 
which,  when  subjected  to  swept  sinusoidal  exci¬ 
tation,  develops  its  own  ever-changing  pattern 
of  nodes  and  antinodes.  If  the  acceleration  level 
is  controlled  at  only  one  of  the  points  of  attach¬ 
ment,  as  is  normal  present-day  practice,  there 
will  inevitably  be  frequencies  at  which  this  par¬ 
ticular  point  is  located  at  a  node  whilst  one  or 
other  of  the  remaining  points  of  attachment  are 
in  antinodal  area.  In  such  circumstances  the 
article  will  suffer  unjustified  overtest  since  the 
excitation  at  the  unmonitored  points  will  greatly 
exceed  the  investigator’s  most  pessimistic  fore¬ 
cast.  If  this  is  to  be  avoided  the  control  system 
must  be  such  that  the  specified  acceleration 
level  is  exceeded  at  no  point  on  the  attachment 
surface. 

If  such  a  system  of  control  is  accepted  as 
necessary  in  the  relatively  straightforward 
example  described  above  where  the  test  level 
is  based  upon  practical  measurements  relating 
to  the  actual  article  in  a  clearly  defined  usage, 
then  it  is  suggested  that  it  should  be  made  man¬ 
datory  where  the  test  is  to  be  a  general-purpose 
one.  In  such  a  test  the  probability  is  that  the 
test  level  is  already  unduly  high  for  the  major¬ 
ity  of  articles  which  will  be  subjected  to  it, 
since  it  will  have  been  derived  by  enveloping 
a  variety  of  envelopes,  some  of  which  w’Tl  un¬ 
doubtedly  incorporate  purely  numerical  (and 
unknown)  factors  of  safety,  others  of  which  will 
result  from  isolated  spot -measurements  made 
upon  lightly  loaded,  highly  resonant,  surfaces 
such  as  panels  and  brackets,  and  most  of  which 
have  only  marginal  relevance  to  the  nature  and 
usage  of  the  article  under  test. 

For  the  acceleration  level  applied  to  arti¬ 
cles  having  two  or  more  points  of  attachment  to 
be  further  increased  by  a  factor  of  2,  or  3,  or 
even  5,  (even  if  this  occurs  only  over  parts  of 
the  frequency  sweep)  is  quite  unjustified  and 
undoubtedly  swells  the  volume  of  service -worthy 
stores  rejected  on  test. 


THE  CRITICAL  TROUGH 

The  second  ^uggosted  improvement  is  most 
easily  described  in  r(  lation  to  an  article  con¬ 
structed  with  a  single  clearly -defined  point  of 
attachment  and  liable  at  the  discretion  of  the 
user  to  b  j  mounted  at  any  one  of  a  number  of 
location  <  in.  -:ome  5fructyre.  Again  we  i.napine 
the  inpvt  to  the  structure  to  consist  of  a  sinus¬ 
oidal  force  whor.e  frequency  is  siowly  varying, 
and  we  visualize  the  changing  pattern  of  nodes 
and  antinodes.  Again  we  note  that  the  transfer 
of  the  article  from  one  location  to  another  is 
accompanied  oy  a  further  change  of  pattern, 
widespread  or  iocalised. 

If,  for  each  location,  we  prepared  a  plot  of 
acceleration  against  frequency  for  the  point  of 
attachment  of  the  article,  each  curve  would 
have  its  quota  of  peaks  and  troughs  and  no  two 
curves  would  be  identical,  particularly  as  re¬ 
gards  the  frequencies  at  which  the  peaks 
occurred.  But  it  might  well  be  noticeable  that 
there  was  one  particular  frequency  at  which 
all  the  records  revealed  a  trough,  irrespective 
of  the  location  of  the  article;  and  the  more 
nearly  the  article  approximated  to  a  lumped 
mass  supported  on  a  lightly -damped  spring  the 
more  pronounced  would  be  the  trough,  and  the 
more  noticeably  would  it  be  a  feature  common 
to  all  the  records. 

In  short,  no  matter  where  it  was  mounted, 
the  article  insured  that  there  was  a  nodal  trough 
at  its  point  of  attachment  at  this  particular  fre¬ 
quency.  Investigation  of  the  dynamic  response 
of  the  article  itself  would  show  that  this  was 
the  frequency  at  which  some  major  internal 
element  came  to  resonance  and  experienced  an 
acceleration  5,  10,  or  20  times  as  great  as  that 
existing  at  the  point  of  attachment— clearly  a 
frequency  at  which  the  article  was  very  sus¬ 
ceptible  to  damage. 


PEAK-TO-TROUGH  RATIO 

We  thus  have  the  situation  that  the  correct 
test  level  for  this  critical  frequency  would  be 
that  indicated  by  the  nodal  trough  whereas,  as 
we  have  seen,  the  test  level  demanded  by  the 
specification  will  be  that  decided  by  the  height 
of  the  antinodal  peaks  on  each  side  of  the  trough, 
The  ratio  of  the  one  to  the  other,  the  peak-to- 
trough  ratio,  is  clearly  of  some  importance  in 
that  it  establishes  the  degree  of  overtest  which 
a  resonant  article  will  experience  at  a  critical 
frequency  as  the  result  of  just  one  of  the  many 
steps  in  the  data  reduction  process. 


Published  literature  contains  little  empiri¬ 
cal  data  from  which  probable  values  for  this 
peak -to -trough  ratio  can  be  evaluated. 

Analogue  studies  based  on  the  response  of 
two  single -degree -of -freedom  systems  mounted 
one  upon  the  other,  each  having  a  Q  of  10,  with 
mass-to-mass  ratios  varying  from  0.2  to  5  and 
resonant-frequency  ratios  varying  from  0.3  to 
3,  suggest  peak  -to -trough  ratios  varying  be¬ 
tween  20  and  200.  Such  elementary  systems, 
although  they  oversimplify  the  problem,  provide 
useful  pointers  to  the  probable  behaviour  of 
resonant  structures;  they  indicate  the  part 
played  by  the  'passenger'  system  (representing 
our  article)  in  determining  the  magnitude  and 
the  frequency  of  the  adjacent  peaks  as  well  as 
of  the  trough  itself,  and  they  suggest  that  the 
transmissibility  of  the  'passenger'  system  at 
the  frequency  of  the  adjacent  peaks  is  unlikely 
to  be  greater  than  1.5,  an  item  of  information 
which  comes  in  handy  in  the  derivation  of  a 
force -limited  test. 

More  practical  measurements,  made  on 
service  structures  carrying  various  sub- 
assemblies,  and  relating  only  to  those  peaks 
and  troughs  whose  association  with  a  basic 
resonance  of  the  sub-assembly  could  be  estab¬ 
lished,  suggest  peak -to -trough  ratios  ranging 
from  4  to  30  for  sub-assemblies  in  which  the 
weight  of  the  resonant  section  varied  between 
20  and  80  percent  of  the  total  weight  of  the 
assembly. 


THE  IMPEDANCE  MISMATCH 

Is  there  any  practical  way  in  which  a  general- 
purpose  test  can  be  modified  so  as  to  moderate 
the  degree  of  overtest  which  resonant  articles 
experience  at  these  critical  frequencies  ? 

It  is  informative  to  discuss  the  problem 
either  in  terms  of  mechanical  impedance  (the 
force  required  to  produce  unit  velocity)  or  in 
terms  of  the  closely  related  'effective  mass' 
(the  force  required  to  produce  unit  acceleration). 
Three  such  values  are  of  interest:  the  effective 
mass  of  the  article  itself;  the  impedance  of  the 
point  on  the  structure  at  which  it  will  be  mounted 
in  service  use;  and  the  impedance  of  the  vibra¬ 
tor  table  to  which  it  will  be  attached  for  test. 
Each  is  a  function  of  frequency. 

As  an  example  let  us  assume  that  half  the 
mass  of  an  article  is  virtually  resonance -free 
below  200  cps  whilst  the  remainder  comes  to 
resonance  at  50  cps  with  a  Q  of  10.  At  very  low 
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frequencies,  below  say  20  cps,  the  effective 
rm:ss  cf  the  article  will  be  constant,  a  force  of 
sa  P  pounds  being  required  to  produce  an  ac¬ 
celeration  of  1  g  at  any  frequency  over  this 
range.  At  50  cps,  however,  whilst  the  non¬ 
resonant  half  is  still  moving  with  1-g  accelera¬ 
tion  and  requiring  P/2  pounds  of  force,  the  reso¬ 
nant  section  will  be  reaving  with  10  g  and  re¬ 
quiring  an  input  force  of  10  times  P/2  pounds  to 
maintain  this  motion.  The  total  force  required 
to  maintain  1-g  acceleration  at  the  point  of  at¬ 
tachment  has  thus  risen  from  P  pounds  to 
around  5P  pounds.  Its  effective  mass  has  risen 
to  around  five  times  its  low  frequency  value;  its 
impedance  is  around  fiv'i  times  as  great  as  that 
of  a  non-resonant  article  of  equal  weight. 

To  what  extent  is  this  increased  force 
brought  to  bear  on  the  article,  whilst  it  is 
undergoing  a  vibration  test,  and  whilst  it  is 
mounted  in  a  structure  experiencing  a  typical 
service  environment? 

There  is  no  doubt  at  all  as  to  the  situation 
whilst  it  is  being  tested  to  a  typical  general- 
purpose  specification.  A  control  system  (man¬ 
ual  or  automatic)  is  employed  to  keep  the  ac¬ 
celeration  at  the  point  of  attachment  at  the 
specified  level,  the  installation  developing 
whatever  force  is  necessary  to  maintain  this 
acceleration.  No  reactional  force  generated  in 
the  article,  however  great,  results  in  the  slight¬ 
est  change  in  the  acceleration  of  the  surface  to 
which  it  is  attached.  To  all  intents  and  pur¬ 
poses,  the  article  finds  itself  mounted  on  a  sur¬ 
face  of  infinite  mechanical  impedance. 

Quite  a  different  state  of  affairs  exists 
when,  in  service  use,  the  article  finds  itself 
embodied  in  a  practical  structure.  Practical 
structures  are  not  of  infinite  impedance;  they 
are  the  outcome  of  normal  drawing  office  prac¬ 
tice.  Whether  evolved  by  rule  of  thumb  or  by 
careful  stress  analysis  they  are  no  stronger 
than  they  need  be,  since  extra  strength  or 
rigidity  implies  extra  cost,  or  extra  size,  or 
extra  weight.  Furthermore,  over  the  range  of 
frequencies  of  interest,  a  mounting -point  im¬ 
pedance  is  only  marginally  determined  by  the 
composition  of  the  complete  structure;  it  is 
predominantly  a  function  of  the  dynamic  char¬ 
acteristics  of  elements  quite  local  to  the  mount¬ 
ing  point— a  section  of  panel,  a  bracket,  another 
article  closely  comparable  to  the  one  in  which 
we  are  interested. 

In  short,  it  is  suggested  that  the  impedance 
at  a  mounting-point  on  a  supporting  structure 
is  likely  to  be  of  the  same  order  of  magnitude 
as  that  of  the  article  to  be  mounted  there,  and 
at  the  critical  frequencies  with  which  we  are 


concerned  it  may  well  be  significantly  less.  So 
far  from  finding  itself  completely  at  the  mercy 
of  a  vibrating  structure  of  infinite  impedance, 
as  it  does  when  on  test,  it  experiences  an  im¬ 
pedance  ratio  which  permits  it  materially  to 
ameliorate  its  treatment  at  critical  frequencies, 
as  the  existence  of  specific  nodal  troughs  in 
acceleration-  frequency  curves  confirms. 

Inevitably,  there  are  exceptional  cast-;.  : 
small  items  mounted  for  convenience  upon 
massive  beams  or  girders  designed  to  support 
major  assemblies;  but  these  are  exceptions  and 
must  be  treated  as  such:  they  must  not  influence 
the  whole  test  pattern  to  the  grave  detriment  of 
the  generality  of  articles. 


FORCE  LIMITATION 

Until  such  time,  then,  as  we  are  in  a  posi¬ 
tion  to  define  a  general-purpose  test  in  terms 
of  a  system  of  forces  acting  through  an  appro¬ 
priate  network  of  impedances,  it  is  desirable  to 
set  an  upper  limit  to  the  force  we  apply  to  the 
article  whilst  it  is  undergoing  test,  thus  simu¬ 
lating  a  non-infinite  impedance  at  the  test  table 
and  permitting  the  development  of  a  partial 
trough  in  the  acceleration  level  at  a  frequency 
to  be  determined  by  the  article  itself. 

At  this  stage  it  is  important  to  remind  our¬ 
selves  of  the  many  and  varied  processes  of  data 
reduction  which  led  up  to  the  adoption  of  the 
specified  acceleration  level,  and  to  recollect 
the  defensive  approach  of  the  successive  data 
manipulators.  In  determining  the  maximum 
force  to  be  applied  to  an  article  there  is  no  need 
for  the  application  of  still  further  "factors  of 
safety”;  if  anything,  the  requirement  is  to  be 
merciful  to  the  test  victims.  Equally  inappro¬ 
priate  would  be  meticulous  accuracy;  the  accu¬ 
racy  of  our  raw  material  does  not  justify  it. 

We  do  not  know  the  magnitude  of  the  force 
acting  upon  our  article  at  the  frequency  of  the 
critical  trough  when  it  is  embodied  in  its  serv¬ 
ice  structure.  We  can,  however,  make  an  in¬ 
telligent  guess  as  to  how  it  would  compare  with 
the  force  acting  at  the  frequency  of  the  adjacent 
peaks.  If  the  twin  single-degree-of-freedom 
analogue  discussed  above  is  any  guide,  the  force 
acting  at  the  trough  is  materially  lower  than 
that  acting  at  the  frequency  of  the  adjacent 
peaks;  certainly  we  shall  run  little  risk  of 
underestimating  the  former  if  we  equate  the  two. 

The  analogue  also  suggested  that  the  trans- 
missibility  of  the  'passenger1  system  was  un¬ 
likely  to  exceed  1.5  at  the  frequencies  of  the 
peaks,  implying  an  effective  mass  at  these 
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frequencies  of  not  greater  than  1.5  times  the 
'dead*  mass.  This  figure,  of  course,  relates  to 
a  passenger  system  in  which  100-percent  of  the 
mass  is  resiliently  mounted;  for  a  more  realis¬ 
tic  article  of  which  only  a  portion  comes  to 
resonance  the  figure  could  be  anywhere  between 
1  and  1.5.  We  can  therefore  postulate  with 
reasonable  confidence  that,  in  its  service  usage, 
the  force  acung  on  the  article  at  its  critical 
frequency  will  not  exceed  LI  times  that  re¬ 
quited  to  produce  the  ’adjacent -peak*  accelera¬ 
tion  in  an  inert  article  of  equal  weight,  and  is 
likely  to  be  significantly  less. 

This  is  a  situation  which  we  can  reproduce 
during  the  test,  by  substituting  the  specified 
acceleration  level  for  the  ’adjacent -peak’  ac¬ 
celeration,  the  former  having  been  derived  from 
the  latter,  as  we  have  seen.  Since  we  do  not 
know  the  precise  frequency  at  which  the  article 
will  come  to  resonance,  any  force -limitation 
we  apply  must  operate  over  much,  if  not  all, 
of  the  specified  frequency  sweep;  we  must 
therefore  apply  a  force  at  least  1.0  times  that 
required  to  produce  the  specified  acceleration 
in  an  equivalent  dead  weight.  On  the  other  hand, 
in  view  of  manifold  factors  of  safety  inherent 
in  the  specified  acceleration  level  and  implied 
in  the  above  argument,  a  factor  of  1.5  appears 
excessive.  An  arbitrary  figure  of  1.2  is  there¬ 
fore  suggested. 


SUITING  THE  CIRCUMSTANCE 

This  factor  of  1.2  can  be  adopted  when  the 
force  to  be  controlled  is  that  acting  upon  the 
article  alone,  via  its  single  point  of  attachment. 
Where  circumstances  are  such  that  the  only 
controllable  force  is  that  acting  upon  an 
attachment -jig  carrying  the  article  (so  that  only 
a  small  percentage  increase  in  the  effective 
mass  of  the  driven  system  is  to  be  expected  at 
the  critical  frequency)  then  it  is  suggested  that 
the  factor  should  be  reduced  to  as  near  unity  as 
is  practicable.  Where,  again,  the  article  has 


two,  three,  or  four  separate  points  of  attach¬ 
ment  and  the  specification  calls  for  a  constant 
level  of  acceleration  over  a  frequency  range 
extending  down  to  frequencies  at  which  the 
article  can  be  relied  upon  to  behave  as  an  inert 
homogeneous  mass,  then  the  force  limit  appro¬ 
priate  to  each  point  of  attachment  can  be  em¬ 
pirically  adjusted  at  the  low  frequency  end  of 
the  sweep  to  the  minimum  value  which  will 
allow  the  development  of  the  specified  ra¬ 

tion  level. 


AUTOMATIC  TRANSFER  OF 
CONTROL 

As  the  acceleration  level,  or  the  force  act¬ 
ing,  at  one  or  other  of  the  points  of  attachment 
rises  to  and  tends  to  exceed  the  required  level 
during  the  frequency  sweep,  the  control  function 
must  be  passed  smoothly  backwards  and  for¬ 
wards  between  accelerometer  and  accelero¬ 
meter,  and  between  accelerometer  and  force 
gauge.  This  can  be  achieved  quite  simply  with 
the  aid  of  biassed  semiconductor  diodes.  The 
use  of  relays  or  other  mechanical  switching  de¬ 
vices  is  to  be  deprecated  as  introducing  switch¬ 
ing  transients  and  backlash  instabilities. 


TAILPIECE 

Despite  its  manifold  shortcomings,  the 
general-purpose  vibration  test  calling  for  the 
application  of  a  specified  acceleration  level  will 
be  with  us  for  many  years  to  come,  thanks 
largely  to  its  deceptive  facade  of  precision, 
repeatability,  and  simplicity.  It  must  be  recog¬ 
nised  for  what  it  is— a  crude,  but  necessary, 
barrier  to  poor  design  and  faulty  workmanship— 
and  it  must  be  improved  where  possible. 

In  its  present  form  the  test  is  unduly  prone 
to  result  in  the  rejection  of  serviceworthy 
equipment.  This  tendency  can  be  moderated 
by  an  extension  of  available  control  techniques. 
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PANEL  SESSION 

STANDARDIZATION  OF  VIBRATION  TESTS 


Moderator:  Dr.  Irwin  Vigness,  U.S.  Naval  Research  Laboratory 

Panelists:  Edward  Kirchman,  Goddard  Space  Flight  Center, 

NASA 

Milton  Madsen,  Sandia  Corporation 
Edward  Meeder,  Bendix  Corporation 
Roland  Seely,  U.S.  Naval  Research  Laboratory 
Wayne  Tustin,  Tustin  Institute  of  Technology 


The  comments  of  all  speakers  have  been  edited  for  the  sake  of  brevity 
and  clarity.  In  some  cases,  certain  remarks  have  been  deleted  or  sum¬ 
marized  because  they  did  not  seem  to  contribute  to  the  subject.  It 
should  not  be  assumed  that  the  following  are  exact  quotations  of  the 
speakers. 


Dr.  Vigness  opened  the  discussion  by  intro¬ 
ducing  the  members  of  the  Panel  and  asking 
them  to  make  brief  opening  statements  relating 
to  the  general  subject  matter.  He  explained 
that  the  session  was  intended  to  stimulate  audi¬ 
ence  participation  and  encouraged  the  many 
experts  present  to  give  everyone  the  benefit  of 
their  experience. 


OPENING  STATEMENTS  BY 
THE  PANEL 

Mr.  Madsen:  I  would  like  to  tell  just  a  bit 
about  what  we  have  done  at  Sandia  Corporation 
in  the  past  few  years  in  regard  to  standardiza¬ 
tion.  About  3  years  ago,  we  produced  and  pub¬ 
lished  a  "Standard  Test  Methods"  document, 
specifically  to  breed  similarity,  repeatability, 
and  uniformity  of  testing  within  our  own  lab, 
which  is  fairly  large,  and  within  the  whole  AEC 
complex.  This  standard  has  been  revised  a 
couple  of  times  and  a  recent  addition  was  ap¬ 
proved  by  all  the  AEC  integrated  contractors 
and  they  in  turn  will  inflict  this  standard  on 
their  suppliers.  This  document  contains  some 
data  that  are  a  little  controversial,  some  that 
are  a  little  arbitrary,  and  some  that  even  we 
are  not  too  proud  of.  But  there  are  several 
points  that  we  feel  very  strongly  about,  and  I 
will  touch  on  the  points  I  think  are  most  sig¬ 
nificant  in  this  document.  I  do  feel,  very 
strongly,  that  the  average  specification  borders 
on  being  ridiculous.  While  discussing  this 


subject  with  Dr.  Mains  in  the  lobby,  he  said, 
"Well,  if  we're  going  to  play  this  crazy  game, 
maybe  we  should  just  not  worry  about  these 
things."  I  agree  with  him  that  we  are  playing 
a  game  with  specification  writers,  but  I  do  feel 
very  strongly  that  as  long  as  we  have  to  play  it, 
and  until  we  do  get  more  intelligent  test  speci¬ 
fications,  we  should  perform  tests  in  a  stand¬ 
ard,  uniform  way. 

I  think  we  can  standardize,  and  should 
standardize,  the  characteristics  of  control  cir¬ 
cuitry.  This  does  not  mean  that  it  is  necessary 
to  define  each  specific  meter,  but  I  think  we 
can  and  should  define  the  characteristics.  I 
also  think  we  can  define  the  calibration  require¬ 
ments.  This  may  be  somewhat  controversial, 
but  there  ought  to  be  some  measure  of  control 
on  how  accurate  the  circuits  are.  I  think  we 
can  standardize  on  the  location,  or  locations,  of 
input  control  transducers  and  the  methods  of 
mounting  them.  I  further  think  that  this  point 
of  having  multiple  inputs  should  be  in  a  stand¬ 
ard.  We  at  Sandia,  although  we  do  it  inter¬ 
mittently,  have  not  included  this  point  in  our 
standards  as  yet,  but  we  hope  to.  I  would  like 
to  say  just  a  couple  more  words  about  the  input 
control  circuitries  since  they  were  discussed 
this  morning  and  again  this  afternoon.  We  at 
Sandia  categorically  feel,  without  reservation, 
that  in  sinusoidal  tests  you  should  filter  out  all 
the  distortion,  regardless  of  the  source,  and 
control  on  the  fundamental  amplitude  only.  The 
unfiltered  signal,  however,  should  be  displayed 


219 


on  an  oscilloscope  so  that  the  test  technician 
may  monitor  it  and  make  intelligent  judgments 
as  a  result  of  any  peculiarities,  such  as  non¬ 
linear  response,  which  he  might  observe. 

Mr.  Tustin:  I  would  like  to  express  my 
rather  low  opinion  of  panel  discussions.  I  like 
to  define  them  as  a  group  sweeping  under  the 
rug.  We  pick  up  the  rug  and  look  at  lots  of 
problems  left  over  from  previous  panel  dis¬ 
cussions  and  then  we  put  the  rug  back  down 
again.  We  do  not  solve  very  many  problems. 
Nevertheless,  it  might  make  some  of  the  peo¬ 
ple  happier  to  know  that  the  other  people  are 
also  confused  and  have  similar  problems.  This 
is  about  all  we  can  accomplish  in  this  large  a 
meeting. 

I  agree  wholeheartedly  with  Mr.  Madsen  on 
a  number  of  points.  I  recommend  that  workers 
in  this  field  get  this  Sandia  document  on  "Stand¬ 
ard  Test  Methods"  and  read  it.  A  great  deal  of 
work  has  gone  into  it,  and  it  is  a  fine  job. 

Mr.  Kirchman:  I  have  looked  at  specifica¬ 
tions  for  many  years  and  I  find  that  it  is  fairly 
general  practice  to  make  them  as  simple  as 
possible  to  meet  the  legal  and  technical  consid¬ 
erations  of  each  project.  It  is  common  to  avoid 
complex  procedures  and  practices  that  might 
involve  long-winded  discussions.  To  give  greater 
guidance,  it  is  usually  necessary  to  write  a  docu¬ 
ment,  such  as  the  excellent  job  that  Sandia  has 
done.  This  document  constitutes  what  the  issuing 
agency  has  in  mind  and  gives  what  is  thought  to 
be  good  engineering  judgment,  or  good  engineer¬ 
ing  practice,  to  serve  as  a  basis  to  interpret  the 
specifications. 

When  I  was  asked  to  serve  on  this  panel,  I 
looked  at  several  attempts  in  the  past  by  some 
of  our  scientific  societies  to  write  specifications 
or  standards  and  I  found  that  most  of  these 
groups  were  never  able  to  come  to  grips  with 
the  problem.  The  problem  I  feel  is  one  of  phi¬ 
losophy,  or  approach.  Even  standardizing  the 
top  of  vibration  tables  so  that  you  can  build  one 
fixture  and  shift  it  from  one  place  to  another 
has  not  yet  been  done.  Maybe  this  lack  of  stand¬ 
ardization  is  good  in  some  cases  because  if  this 
has  not  occurred,  it  is  because  there  is  some¬ 
thing  wrong  somewhere.  Maybe  we  understand 
these  problems  a  little  bit  better  today  and 
maybe  we  will  be  able  to  resolve  them  in  a 
better  fashion  now  than  we  could  5  years  ago. 

I  think  that  the  characteristics  of  our  high- 
force,  infinite -impedance  test  equipments  are 
fairly  well  understood  and  fairly  uniform  if  we 
test  a  small  mass  or  a  small  box,  but  when  we 
get  up  to  large  structures,  we  have  a  problem. 

I  believe  that  maybe  it  is  time  for  a  change  in 


our  outlook  to  some  impedance  or  force  con¬ 
cepts  which  would  lead. us  out  of  this  problem. 

I  would  like  to  say  that  I  have  no  real  firm 
convictions  on  an  acceptable  level  of  crosstalk. 

I  think  it  is  a  matter  between  the  tester  and  his 
conscience  as  long  as  he  meets  the  specification. 
I  have  no  real  feeling  regarding  the  control 
points  or  how  many  control  accelerometers 
should  be  used.  I  believe  each  case  determines 
what  its  own  procedures  should  be.  Of  course, 
there  are  fixed  types  of  tests  which  you  can 
specify  in  detail,  but  in  most  cases  it  is  a  mat¬ 
ter  of  engineering  judgment. 

Dr.  Vigness:  I  would  like  to  point  out  that 
there  are  really  two  types  of  specifications: 
the  general  specification  that  is  supposed  to 
apply  practically  everywhere,  and  that  must 
necessarily  not  be  in  detail;  and  a  specification 
which  is  specifically  written  for  the  component 
or  piece  of  equipment  involved.  It  may  go  into 
considerable  detail  as  to  how  tests  shall  be  per¬ 
formed.  At  a  meeting  at  Wright  Field  some  few 
months  ago  concerning  MIL-STD-810,  it  was 
pointed  out  that  these  general  specifications  are 
intended  to  be  used  as  guides.  Unfortunately, 
many  times  they  do  not  turn  out  to  be  that,  but 
that  is  what  the  technical  people  would  like  them 
to  be.  The  project  engineers  and  those  working 
on  particular  items  should  use  these  general 
specifications  primarily  as  guides  in  writing 
individual  specifications  for  the  testing  of  their 
respective  equipment. 

Mr.  Seely:  Like  most  of  the  people  I  have 
talked  with  recently,  I  also  have  some  strong 
feelings  on  standardization  and  what  should  be 
done  about  it.  To  list  all  my  feelings  would 
certainly  take  more  time  than  has  been  allotted 
to  me,  so  I  will  content  myself  with  merely 
identifying  my  point  of  view  with  respect  to  a 
few  of  the  problems. 

I  feel  that  many  vibration  test  procedures 
should  be,  and  can  be  standardized.  I  under¬ 
stand  that  there  is  an  active  ASA  committee  in 
this  area,  and  that  in  due  course  they  will  prob¬ 
ably  give  us  a  standard  which  will  tend  to  elim¬ 
inate  many  of  our  problems.  I  feel  that  such 
subjects  as  transducer  calibration  accuracy, 
mounting  procedures  for  transducers,  cross¬ 
talk,  and  the  like,  are  relatively  simple  prob¬ 
lems  which  result  in  many  differences  of 
opinion,  but  I  do  not  ihink  the  problems  which 
they  present  are  insurmountable.  The  one  area 
which  does  seem  to  be  receiving  more  attention 
at  present  than  others  is  the  question  of  input 
control  and  the  location  of  transducers.  Now  I 
believe  that  vibration  tests  should  be  approached 
first  by  conducting  a  resonance  survey  in  which 
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recordings  are  made  at  various  transducer  loca¬ 
tions.  Then  the  proper  input  locations  are  se¬ 
lected  on  the  basis  of  these  recordings.  I  feel 
that  filters  should  be  used,  and  control  should 
be  based  exclusively  on  the  fundamental  fre¬ 
quency.  I  am  in  favor  of  multiple  input  points 
and  the  use  of  an  average  signal  as  a  basis  for 
control.  Furthermore,  I  feel  that  where  filters 
are  used  with  averaging  techniques,  the  signals 
should  be  averaged  on  an  instantaneous  basis. 
Where  filters  are  not  used,  averaging  should  be 
done  on  an  rms  basis. 

Mr,  Meeder:  The  purpose  of  environmental 
testing  is  to  establish  assurances  that  the  test 
article  will  operate  satisfactorily  during  its  de¬ 
signed  life  in  its  intended  environment.  The  suc¬ 
cess  of  this  test  effort  depends  upon  three  fac¬ 
tors:  (1)  the  normality  of  the  test  article,  (2) 
the  actuality  of  the  specified  test  environment, 
and  (3)  the  fidelity  of  the  laboratory  test.  It  is 
generally  agreed  that  control  of  all  of  these  fac¬ 
tors  needs  improvement.  Yet,  although  some 
embarrassing  or  disastrous  evidence  confirms 
this  opinion,  a  fair  degree  of  success  in  produc¬ 
ing  operational  hardware  has  been  achieved. 

This  success  is  directly  related  to  the  design 
safety  practices  that  have  been  evolved  to  com¬ 
pensate  for  this  lack  of  control.  At  present 
these  factors  are,  in  my  opinion,  excessive.  I 
do  not  believe  that  the  factors  associated  with 
vibration  should  be  arbitrarily  increased  in  an 
attempt  to  improve  the  success  record.  Yet  the 
trend  over  the  past  few  years,  as  indicated  by 
specification  changes,  and  proposed  vibration 
test  standards,  appears  to  be  toward  more  se¬ 
vere  tests.  As  examples,  filtered  input  control 
and  the  averaging  of  multi-control  points  could 
result  in  more  severe  tests.  Their  use  in¬ 
creases  rather  than  decreases  tne  uncertainties. 
This  trend,  if  unchecked,  will  burden  designs 
with  added  cost,  weight,  and  volume.  As  an 
alternate,  a  test  standard  should  be  adopted 
which  will  not  arbitrarily  increase  the  test  se¬ 
verity,  but  will  reduce  the  uncertainties  that 
are  now  plaguing  us.  I  do  not  believe,  however, 
that  this  can  be  realistically  achieved  through 
standardization.  To  do  this,  all  test  equipment, 
methods,  procedures,  personnel,  and  so  forth, 
throughout  the  industry  would  have  to  be  iden¬ 
tical.  I  prefer  to  look  upon  standardization  as 
a  means  of  reducing  uncertainties  by  improving 
the  comparability  of  test  results.  This  can  be 
accomplished  by  a  standard  that  establishes  a 
few  basic  ground  rules,  a  test  philosophy,  and  a 
minimum  of  engineering  data  that  must  be  in¬ 
cluded  as  part  of  the  test  results.  The  ground 
rules  should  include  vibration  terminology,  trans¬ 
ducer  calibration,  transducer  mounting,  trans¬ 
ducer  control  circuits,  selection  of  control,  and 
the  number  of  transducers  required  for  a  test. 


Engineering  data  should  include  a  complete  de¬ 
scription  and  wiring  schematics  of  all  test 
equipment,  a  photograph  of  each  test  setup 
which  shows  shaker  fixture,  test  specimen 
transducer  orientations,  plots  of  filtered  and 
nonfiltered  transducer  data,  a  detailed  explana¬ 
tion  of  how  resonances  were  identified,  and 
random  vibration  equalization  at  the  beginning 
and  during  tests.  The  test  philosophy  should 
simply  state  that  cross  motion,  harmonic  dis¬ 
tortion,  and  control  distribution  ratios  should 
be  minimized.  Typical  state-of-the-art  goals 
should  be  included.  Random  vibration  equaliza¬ 
tion  accuracies  and  control  could  be  handled  in 
the  same  way. 

Dr.  Vigness:  I  do  not  think  there  is  much 
question  but  that  a  lot  of  standardization  is  ap¬ 
propriate  and  proper  in  the  area  of  measure¬ 
ment,  or  of  items  which  are  used  for  measuring- 
transducers,  and  the  like.  Specifications  give 
a  number,  a  spectrum,  or  something  of  that  sort, 
when  they  define  test  parameters.  Naturally, 
there  must  be  some  tolerance  in  those  numbers 
because  it  is  impossible  to  meet  an  exact  value. 
So,  probably,  there  should  be  some  tolerances 
in  our  standards,  even  though  they  are  difficult 
to  determine.  I  would  like  to  mention,  just  as  a 
general  comment,  that  specification  standards 
should  be  deprecated,  if  the  conformity  they  re¬ 
quire  causes  great  expense  and  effort  for  the 
tests,  and  also  causes  the  tests  to  be  unrealis¬ 
tic  with  respect  to  field  conditions.  I  feel  that 
good  standards  do  not  make  legal  conformity 
their  prime  consideration,  that  is,  so  as  to 
override  considerations  of  field  environment 
and  the  problems  of  the  test  engineer. 

The  first  question  that  we  will  consider  is: 
What  are  reasonable  standards  of  transducer 
calibration  accuracy  ? 


TRANSDUCER  CALIBRATION 
ACCURACY 

Dr.  Bouche:  In  talking  about  transducer 
calibration  accuracy  I  mentioned  this  morning 
in  my  talk  that  accuracies  under  ideal  condi¬ 
tions  of  1-1/2  percent  to  about  1000  cps  and  3 
percen  to  10,000  cps  are  possible  to  obtain 
under  laboratory  calibration  conditions.  Sey¬ 
mour  Edelman  from  NBS  obtains  2  percent  up 
to  10,000  cps  by  using  the  absolute  interferom¬ 
eter  technique.  The  3-percent  figure  is  ac¬ 
quired  by  comparison  calibration  methods,  but 
both  of  these  methods  are  designed  for  use  in 
the  calibration  laboratory. 

Dr.  Vigness:  I  think  we  would  wish  to  know 
what  would  be  a  reasonable  standard  to  establish 


221 


for  a  vibration  pickup  that  is  used  in  a  test  lab¬ 
oratory.  Not  a  primary  standard  nor  a  sec¬ 
ondary  standard,  but  one  that  is  to  be  used.  In 
what  range  should  that  accuracy  be  ? 

Dr.  Bouche:  I  think  about  2  to  3  percent, 
over  the  entire  frequency  range.  I  expect  that 
most  people  will  be  working  at  the  lower  fre¬ 
quencies  not  exceeding  4  to  5000  cps,  and  then 
2  percent  could  be  achieved  without  much  diffi¬ 
culty.  There  has  been  considerable  improve¬ 
ment  in  recent  years  in  shakers  designed  for 
calibration  purposes.  In  the  past,  shakers  have 
been  the  limitation  in  attaining  this  accuracy. 

At  certain  frequencies  there  were  transverse 
motions  introduced  in  such  a  way  that  the  stand¬ 
ard  and  test  accelerometers  did  not  see  the 
same  acceleration.  With  our  new  shakers  de¬ 
signed  for  calibration  purposes,  this  is  not  so 
much  a  problem  anymore.  If  one  has  simple 
sinusoidal  motion  in  the  calibrator,  this  order 
of  accuracy  may  be  achieved.  There  is  still  a 
need  in  the  calibration  area  f^r  small  cali¬ 
brators  that  can  be  used  for  all  types  of  trans¬ 
ducers,  including  triaxial  accelerometers  at 
relatively  high  frequencies,  that  is  2,  3,  and 
4000  cps.  That  is  the  area  where  we  could  have 
some  improvement. 

Dr.  Vigness:  I  think  that  it  has  been  estab¬ 
lished  that  we  can,  without  too  much  trouble, 
get  an  accuracy  of  about  2  or  3  percent  to  about 
10,000  cps.  Is  that  necessary  ?  Let’s  have 
some  answers  from  someone  on  the  panel.  Do 
you  have  any  ideas  on  this  ? 

Mr.  Seely:  I  would  like  to  quibble  a  little 
bit  with  Dr.  Bouche  because  I  do  not  think  this 
order  of  accuracy  is  in  any  sense  required  in  a 
regular  testing  laboratory  which  is  performing 
routine  tests.  I  feel  that  accuracies  of  5  to  7 
percent  are  entirely  adequate.  There  are  so 
many  other  inaccuracies  in  the  testing  proce¬ 
dure  of  much  greater  magnitude,  that  concern 
over  2  or  3  percent  in  calibration  accuracy 
seems  incongruous . 

Mr.  Kirchman:  I  think  we  are  currently 
calibrating  within  1-1/2  percent.  The  reason 
we  do  this  is  that  the  transducer  is  one  thing 
that  you  can  put  your  finger  on  and  calibrate  to 
a  definite  figure.  Many  other  measurements 
have  a  probability  of  error  of  something  like 
plus  or  minus  10  percent,  which  I  think  most  of 
us  agree  is  somewhat  reasonable.  But  trans¬ 
ducer  calibration  *s  the  one  thing  that  we  can 
really  put  our  finger  on,  so  we  do  attempt  to 
control  it. 

Mr.  Edelman  (Bureau  of  Standards);  I 
would  like  to  say  that  I  think  there  is  no  single 


answer  to  this  question.  The  calibration  accu¬ 
racy  depends  on  the  conditions  of  the  test,  and 
this  2  or  3  percent  can  be  reached  only  under 
special  conditions  that  do  not  apply  to  most 
tests.  The  5  or  7  percent  figure  is  a  far  more 
realistic  one  at  the  point  where  the  pickup  is 
being  used.  Not  only  does  transverse  motion 
raise  this  2-percent  to  5  percent  or  more,  but 
also,  the  signal  becomes  distorted.  It  has  been 
brought  out  already  that  sinusoidal  excitation 
is  not  necessarily  the  ideal  test  condition,  and 
if  there  is  any  amount  of  harmonic  motion,  this 
too  spoils  our  fine  accuracy.  In  setting  the 
calibration  accuracy,  the  kind  of  signal,  the 
kind  of  structure,  and  the  kind  of  motion  must 
all  be  considered. 

Mr.  Scroepfer  (Ryan  Aeronautical  Co.): 

Very  recently  we  have  had  a  case  where  cross¬ 
talk  was  more  than  twice  the  linear  vibration  in 
the  normal  direction.  If  you  calibrate  acceler¬ 
ometers  for  linear  vibration  only,  you  have  quite 
a  problem  with  crosstalk  during  tests  with  large 
and  complicated  fixtures  when  you  use  this  ac¬ 
celerometer  for  control,  even  with  a  tracking 
bandpass  filter.  I  would  like  to  ask  the  ques¬ 
tion:  Where  do  you  draw  the  line  on  crosstalk 
for  sine  and  random  testing  ? 

Dr.  Vigness:  I  would  like  comment  on 
this  subject  of  the  crosstalk,  or  cross -motion 
as  some  persons  prefer,  and  to  remind  you  that 
there  is  a  very  good  standard  on  the  calibration 
of  shock  and  vibration  pickups  which  is  in  ex¬ 
istence  and  which  takes  into  account  some  of 
the  problems  relating  to  crosstalk.  It  describes 
standard  methods  for  the  calibration  of  vibration 
and  shock  pickups  and  gives  the  accuracy  that 
can  be  obtained  by  the  different  techniques.  This 
is  published  by  the  ASA  and  was  put  together  by 
a  committee,  first  under  Walter  Ramberg  of  the 
Bureau  of  Standards,  and  later  by  Ray  Bouche 
who  completed  the  work.  So,  there  is  a  very 
good  standard  on  the  vibration  and  shock  pick¬ 
ups  at  the  moment.  It  is  identified  by  the 
American  Standards  Association  as  S2.2  1959 
"Methods  of  Calibration  of  Shock  and  Vibration 
Pickups." 

Mr.  Todaro  (University  of  California  - 
LRL):  I  would  like  to  break  the  calibration 
problem  down  into  two  areas.  One  is  the  trans¬ 
ducer  area  and  the  other  is  the  associated  elec¬ 
tronics.  Now,  I  think  that  calibration  of  the 
transducer  should  be  consistent  with  the  eco¬ 
nomics  of  the  particular  organization.  If  it  is 
expedient  to  calibrate  to  something  like  2  per¬ 
cent,  I  think  that  is  fine.  It  would  also  be  okay 
to  calibrate  to  3  or  4  percent,  or  whatever  they 
decide  is  justifiable,  based  exclusively  on  eco¬ 
nomics,  providing  it  doesn’t  get  too  high.  What 


222 


I  would  really  like  to  bring  out  here  is  that  it  is 
utterly  stupid  to  have  an  accelerometer  that  is 
good  to  2  percent  and  then  use  an  electronic 
system  of  unknown  accuracy.  During  calibra¬ 
tion,  one  should  also  calibrate  the  electronic 
system  that  goes  with  it  as  part  of  the  calibra¬ 
tion  technique. 

Dr.  Vigness:  I  do  not  think  anyone  will  dis- 
agree  with  you. 

Mr.  Mangolds  (RCA):  The  figures  which 
have  been  mentioned  here  of  1  or  2  percent  may 
be  good  to  show  the  limits  of  calibration  accu¬ 
racy  that  may  be  obtained  under  ideal  conditions. 

I  want  to  emphasize,  however,  that  these  accel¬ 
erometers  eventually  have  to  be  used  in  a  test, 
and  there  are  other  factors  which  overshadow 
this  accuracy  completely.  As  an  example,  we 
recently  had  a  sub-miniature  accelerometer 
which  was  accurately  calibrated,  and  then  we 
found  that  during  our  test  we  had  a  condition 
which  distorted  its  face.  We  found  that  this 
caused  a  250-percent  deviation  from  the  actual 
calibration  curve.  I  think  that  is  quite  an  ex¬ 
treme  case,  but  we  should  emphasize  overall 
accuracy  rather  than  by  splitting  hairs  on  1  or 
1-1/2  percent. 

Mr.  Lane  (Lockheed,  Sunnyvale);  One  small 
addition  to  Mr.  Todaro's  comment  is  that  the 
calibration  ought  to  extend  all  the  way  through 
the  whole  system,  including  the  data  reduction 
process.  This  has  become  standard  procedure 
at  Lockheed,  Sunnyvale,  where  off-line  process¬ 
ing  is  used  for  calibration,  as  well  as  other 
testing.  On  our  missile  and  satellite  vibration 
channels,  the  entire  measurement  systems  is 
calibrated  dynamically.  We  take  this  as  a  mat¬ 
ter  of  course. 

Dr.  Vigness:  The  American  Standards  As¬ 
sociation  has  standards  which  apply  to  associ¬ 
ated  equipment,  although  I  do  not  know  their 
numbers  at  the  moment.  I  think  most  of  us  will 
be  satisfied  if  we  have  a  confidence  of  plus  or 
minus  5  percent  in  the  actual  test  instruments. 

I  am  afraid  that  sometimes  our  confidence  is 
somewhat  destroyed  by  the  persons  that  use  the 
instruments  rather  than  the  instruments  them¬ 
selves. 

Our  next  subject  is  random-test  equalization 
accuracy.  I  am  not  exactly  sure  what  is  meant 
by  that,  but  someone  who  works  with  vibration 
machines  can  explain  it. 

RANDOM -TEST  EQUALIZATION  ACCURACY 

Mr.  Unholtz  (Unholtz -Dickie  Co.):  I  believe 
that  what  is  meant  by  the  random  test  equalization 


accuracy  is  how  closely  should  the  power  spec¬ 
tral  density  of  acceleration  conform  to  the  test 
requirement?  I  feel  that  there  is  a  great  deal 
of  instrumentation  and  setup  applied  to  this 
particular  area  of  testing  that  cannot  be  justi¬ 
fied  from  the  point  of  view  of  economics  by  the 
improvement  in  the  test  item  after  the  test  has 
been  run.  This  is  related  to  the  fact  that  the 
test  environment  is  never  known  too  well,  and 
the  variation  from  test  item  to  test  item  is 
quite  great.  Also  there  are  the  questions  of 
how  to  measure  the  power  spectral  density,  and 
where  accelerometers  should  be  located.  How 
does  one  account  for  the  fact  that  moving  the 
accelerometer  to  another  location,  or  averaging 
over  several  accelerometers,  gives  quite  widely 
different  indicated  values  of  power  spectral 
density  as  a  function  of  frequency,  all  for  the 
same  input  ?  Therefore,  I  would  be  inclined  to 
take  the  stand  that  many  people  are  attempting 
to  make  things  quite  precise  on  the  assumption 
that  vibration  tests  are  run  with  good  precision, 
and  I  do  not  believe  that  is  the  case.  I  think  that 
random -test  equalization  precision  is  of  a  com¬ 
pletely  different  order  of  magnitude  compared 
to  that  which  you  might  be  able  to  discuss  with 
regard  to  the  calibration  of  transducers. 

Mr.  Tustin:  I  quite  agree  with  everything 
that  Mr.  Unholtz  has  said,  but  that  does  not 
answer  the  question  exactly.  Suppose  a  specifi¬ 
cation  calls  for  a  constant  power  spectral  density 
from  say  20  cps  to  2  kc,  how  fiat  can  we  get  it 
with  equalizers  that  are  commercially  available? 
I  think  many  people  can  obtain  plus  or  minus  3 
db.  Other  people  have  great  difficulty  achieving 
plus  or  minus  6  db.  I  think  that  the  audience 
would  like  to  hear  some  numbers. 

Dr.  Mains  (GE):  It  is  a  grave  error  to  talk 
about  flattening  the  power  spectral  density  curve 
of  a  test.  You  have  seen  magnification  factor 
curves  that  had  nice  dips  in  them.  At  those 
points  you  overtest  severely  if  you  have,  in  fact, 
flattened  the  spectrum.  The  proper  thing  to  do 
is  simply  to  know  what  the  transfer  function  is 
up  to  the  point  of  attachment  of  the  specimen. 
Then  it  does  not  matter  whether  you  put  in  one 
or  another  kind  of  power  spectral  density  curve 
so  long  as  what  comes  out  of  the  interface  be¬ 
tween  the  test  fixture  and  the  final  article  is  the 
right  value.  Any  other  procedure  is  going  to 
give  the  wrong  value  there.  It  does  no  good  at 
all  to  equalize  to  3  db  or  6  db  if  the  final  arti¬ 
cle  is  to  be  mounted  in  a  place  where  this  can't 
happen.  The  final  article  is  bound  to  sit  on  an 
impedance  that  is  not  flat. 

Mr.  Tustin:  Then  you  are  suggesting  that 
a  specification  that  says  ’Thou  shalt  equalize 
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flat"  is  a  wrong  specification?  It  should  not  be 
followed  by  test  engineers? 

Mr.  Price  (Hazeltine  Corp.);  We  do  quite 
a  bit  of  both  random  and  sine  vibration  testing 
on  the  electronic  equipment  which  we  produce. 

I  have  had  occasion  to  witness  many  of  these 
random  tests  and  I  have  found  many  inadequa¬ 
cies.  One  of  the  problems  is  that  peak-and -notch 
filters  cover  only  the  frequency  range  up  to  about 
2000  cps.  But  practically  many  fixtures  that  have 
been  designed  for  this  type  of  test  have  harmon¬ 
ics  above  2000  cps.  The  outcome  of  what  I  am 
saying  is  that  if  filters  are  not  inserted  before 
their  readout,  the  test  level  can  frequently  be 
misconstrued.  The  harmonics  that  appear  from 
2000  cps  to  infinity  do  contribute  to  this  non¬ 
flatness  and  it  does  appear  in  the  readout.  Our 
specifications  do  not  now  tell  us  how  we  should 
handle  this  type  of  problem.  I  would  like  to  hear 
anybody  who  has  a  solution  for  this  problem. 

Mr.  Booth  (MB  Electronics):  I  would  like 
to  slate  that  the  multiple -band  equalization 
equipment  which  is  the  common  equipment  now 
being  sold  by  all  of  the  manufacturers,  does 
have  filtering  in  the  output  so  that  you  just  read 
the  energy  in  each  band.  Therefore,  of  course, 
what  is  above  2000  cps  is  eliminated.  With  re¬ 
gard  to  equalization  accuracy,  my  paper  which 
was  presented  to  the  31st  Shock  and  Vibration 
Symposium  discussed  this  point.  Equipment 
now  being  supplied,  having  many  bandwidths, 
averages  equalization  over  the  width  of  each 
band.  For  example,  if  we  have  a  bandwidth  of 
25  cycles,  we  get  an  average  equalization  for 
that  bandwidth.  If  the  device  you  are  trying  to 
equalize  has  a  resonance  with  a  Q  of  50  at  500 
cps  the  bandwidth  is  only  about  10  cycles.  This 
resonance  bandwidth  is  well  within  the  band¬ 
width  of  the  filter  which  cannot  correct  for  che 
situation  and  it  is  possible  to  get  very  large 
errors.  All  equipment  currently  being  used 
has  these  errors  and  they  can  very  readily  be 
of  the  order  of  magnitude  of  5  to  1  (not  5  per¬ 
cent).  These  are  the  errors  that  are  currently 
being  lived  with  daily  by  all  of  the  people  who 
are  doing  testing.  Now,  the  readout  equipment 
has  bandwidths  which  coincide  with  the  band- 
widths  in  the  equalization  equipment  so  that  the 
readout,  of  course,  is  reasonably  flat.  But  this 
is  actually  not  the  case  because  the  power  spec¬ 
tral  density  is  not  flat  and  varies  tremendously 
within  each  bandwidth.  This  must  be  recognized 
when  specifications  are  established. 

Dr.  Vigness:  I  would  like  to  hear  about  the 
Sandia  reaction  on  the  importance  of  uniformity 
of  random  tests.  Companies  which  have  a  lot  of 
different  contractors  must  require  them  to  per¬ 
form  tests  in  a  uniform  way. 


Mr.  Madsen:  First,  I  will  have  to  agree 
with  Dr.  Mains  that  a  flat  random  test  should 
not  be  specified.  We  do  not  put  an  absolute  tol¬ 
erance  on  equalization  in  our  standards  docu¬ 
ment  because  of  some  of  the  problems  just  men¬ 
tioned.  You  get  into  the  problem  of  continuous 
filter  analysis  versus  the  discrete  point  analysis 
that  the  manufacturer  supplies  with  this  equip¬ 
ment,  the  problem  of  how  narrow  the  bandwidth 
should  be,  and  the  acceptable  accuracy  of  the 
electronics.  We  do,  however,  recommend  to 
the  test  specification  writer  and  to  the  test  tech¬ 
nician  that  plus  or  minus  3  db  seems  reasonable. 
I  will  confess  that  we  are  simply  following  pre¬ 
viously  published  work  which  commonly  uses 
these  tolerances. 

Dr.  Vigness:  I  think  most  of  us  here  prob¬ 
ably  realize  what  the  present  state-of-the-art 
is  regarding  this  particular  subject. 


CROSS -MOTION 

Mr.  Madsen:  With  regard  to  cross -motion 
accuracy  I  want  to  comment  that  this  has  been 
real  rough  to  put  in  a  specification.  We  have 
put  in  100  percent  allowed  knowing  that  it  is 
questionable.  It  is  obvious  that  the  indicated 
cross-motion,  at  least  on  occasion,  can  be  a 
function  of  the  impedance  of  the  driving  mech¬ 
anism.  All  electrodynamic  shakers  have  arma¬ 
ture  characteristics  which  modify  the  input 
motion  in  some  cases.  I  have,  frankly,  an  open 
mind  on  this  subject. 

Dr.  Vigness:  I  would  like  to  point  out  the 
fact  that  cross-motion  of  100  percent  does  not 
necessarily  mean  that  the  test  is  more  severe. 
If  you  eliminate  this  cross -motion,  you  would 
most  likely  have  some  more  severe  test  condi¬ 
tion  than  if  you  allowed  the  test  equipment  to 
generate  the  cross-motion.  Inasmuch  as  we 
have  those  conditions  in  the  field,  and  if  it  is 
reasonable  to  have  it  in,  and  it  is  hard  to  get 
out,  why,  as  far  as  I  am  concerned,  I  would  just 
as  soon  live  with  it. 

Mr.  Houston  (Northrop  Norair):  I  think  we 
have  a  roomful  of  professionals  here.  I  wonder 
if  a  few  of  the  questions  that  are  considered 
here  might  be  answered  by  a  show  of  hands. 

Ask  how  many  people  have  random  equalization 
standards  within  their  lab,  how  many  have 
crosstalk  standards? 

Dr.  Vigness  then  asked  for  a  show  of  hands 
to  indicate  how  many  people  worked  directly 
with  vibration  tests.  It  appeared  that  about  one- 
quarter  of  the  audience  was  in  that  category. 

He  then  asked  how  many  laboratories  have 
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cross -motion  standards.  The  result  showed 
that  there  were  three  to  four  times  as  many 
laboratories  in  the  latter  category  as  in  the 
first. 

Mr.  Held  (Vapor  Corp.):  The  acceptable 
level  of  cross-talk  in  our  laboratory  is  deter¬ 
mined  by  the  unit  being  tested.  The  engineer  in 
charge  determines  whether  the  unit  can  withstand 
the  crosstalk  to  which  it  will  be  subjected.  If 
not,  he  will  do  something  about  it. 

Mr.  Anderson  (MB  Electronics) :  The 
census  just  taken  seems  to  be  diametrically 
opposed  to  what  people  are  currently  asking  for 
when  they  buy  equipment.  Everybody  purchas¬ 
ing  this  equipment  mentions  figures  like  1  db 
on  equalization  or  crosstalk.  They  sometimes 
forget  the  plus  or  minus.  We  keep  extending 
the  specifications  on  the  exciters  beyond  the 
axial  resonance,  and  so  on.  We  expect  to  get 
decent  numbers  on  crosstalk,  then  our  cus¬ 
tomers  object  when  the  tolerances  start  to  in¬ 
crease.  Our  customers  blame  us  for  quoting 
specifications  which  they  say  we  do  not  meet, 
but,  generally  speaking,  there  are  many  mis¬ 
understandings  between  them  and  us  as  to  what 
a  specification  is  in  the  way  of  equalization  and 
over  what  conditions  it  is  for.  We  are  trying  to 
provide  a  source  or  control  point  equalization 
for  the  whole  system  when  we  come  up  with  a 
specification  of  plus  or  minus  1-1/2  db  for  a 
40-db  dynamic  range.  We  also  should  set  the 
spec  requirement  within  the  resolution  of  the 
set  oi  filters. 

Mr.  Schnell  (GE):  I  was  one  of  the  people 
who  raised  my  hand  to  indicate  that  we  do  not 
use  cross -motion  standards  in  our  lab.  We  had 
them  but  I  am  happy  to  say  that  we  spent  about 
2  years  getting  rid  of  such  standards.  I  think 
one  of  the  things  that  a  panel  like  this  seems  to 
somehow  skip  over  is  a  consideration  for  the 
person  that  we  are  doing  this  testing  for.  We 
are  doing  this  testing  for  some  engineer,  and 
if  we  spend  a  few  minutes  with  him  ahead  of  the 
test,  explaining  exactly  what  it  is  that  we  are 
going  to  do  and  another  few  minutes  afterward 
going  over  what  we  did  and  what  we  saw,  I  think 
we  might  be  a  lot  further  ahead  than  we  are  by 
nit-picking  at  some  of  the  details  that  go  into 
standards.  Now,  I  think  some  standards  are 
necessary,  and  I  think  all  of  us  have  probably 
been  exposed  at  times' to  the  inspector  who 
measures  an  inch  to  plus  or  minus  0.0001,  and 
he  wants  you  to  measure  the  g  unit  with  equiv¬ 
alent  precision.  I  do  not  think  it  matters 
whether  you  use  filters  or  not,  except  in  very, 
specific  cases.  I  do  not  think  it  matters  whether 
you  have  cross-talk  or  not,  whether  you  equal¬ 
ize  within  3  or  1  db,  as  long  as  the  engineer  that 


has  the  product  responsibility  has  some  under¬ 
standing  of  what  it  is  that  you  are  doing.  I  think 
we  tend  to  become  so  involved  in  our  own  little 
subject  that  we  forget  him,  and  are  carried  away 
with  the  science  of  our  approach  rather  than  the 
practicality  of  it. 

Dr.  Vigness:  It  would  be  very  nice  if  we 
could  do  things  that  way.  Perhaps  if  all  new 
work  was  being  done  within  one  organization  it 
could  be  done  that  way.  But  when  you  are  work¬ 
ing  with  different  organizations  and  there  are 
legal  commitments  and  money  involved,  then 
you  just  cannot  make  agreements  offhand  be¬ 
tween  internal  groups.  Such  agreements  must 
be  formalized,  particularly  if  it  is  going  to  cost 
a  lot  more  to  do  it  one  way  than  some  other  way . 
What  you  have  said  is  very  nice,  and  we  would 
like  to  do  it  that  way,  except  that  we  run  into 
financial  problems. 

Mr.  Gorton  (Pratt  &  Whitney  Aircraft): 

One  gentleman  just  proposed  that  since  he  had 
a  cross -motion  about  equal  to  the  wanted  mo¬ 
tion,  it  might  be  eliminated  by  stiffening  the 
fixture.  That  would  raise  the  question  that  when 
the  test  components  are  placed  in  a  vehicle,  is 
somebody  going  to  stiffen  the  vehicle  to  elimi¬ 
nate  the  cross-motion  ?  I  somehow  doubt  it. 

I  have  the  impression  that  many  people  get 
a  bit  specification -happy  and  forget  to  use  com¬ 
mon  sense  about  what  it  is  they  are  trying  to  do. 
For  example,  an  accessory  manufacturer  is 
being  required  to  design  his  unit  to  withstand  a 
certain  g  limit.  This  accessory  is  proposed  to 
go  on  an  aircraft  engine,  and  it  seems  fairly 
obvious  that  the  weight  of  this  accessory  is  such 
that  when  he  bolts  it  down  to  the  engine  it  is 
going  to  make  that  part  of  the  engine  sit  still. 

We  have  certain  vibration  limits  on  the  engine 
which  may  apply  to  a  little  accelerometer,  but 
when  someone  takes  that  g  limit  and  requires 
that  a  several-hundred-pound  hunk  of  steel  is 
going  to  have  to  withstand  it,  there  has  been 
something  lost  in  the  translation  of  information. 
As  another  horrible  example,  we  have  a  clock 
on  our  laboratory  wall,  a  plain  ordinary  clock, 
which  is  used  to  put  time  on  the  data  sheets. 
Some  specification -happy  character  has  now 
insisted  that  periodically  it  has  to  be  calibrated 
and  have  a  little  green  sticker  put  on  it  saying 
that  this  is  referable  to  the  Bureau  of  Standards. 

Dr.  Morrow  (Aerospace  Corp.):  The  subject 
of  equalization  keeps  coming  up  again  and  again, 
and  I  feel  compelled  to  add  a  brief  comment  on 
this.  It  is  a  very  reasonable  thing  to  have  plus 
and  minus  tolerances  to  describe  the  required 
capability  of  an  equalizer  which  can  be  accu¬ 
rately  measured  and  which  you  are  about  to  buy. 
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But,  I  object  in  principle  to  having  plus  and 
minus  tolerances  on  vibration  test  specifica¬ 
tions,  either  written  in  them  or  applied  sub¬ 
sequently  by  way  of  a  standard.  It  seems  to  me 
that  the  task  of  the  specification  writer  is  to 
specify  a  minimum  condition.  Perhaps  one  way 
of  doing  this  indirectly  is  to  require  certain 
equalization  bands,  which  are  not  too  narrow, 
to  come  up  to  the  required  level.  If  there  is  a 
narrow -band  dip  in  the  middle  which  would  not 
normally  be  observed  in  the  test  process,  we 
would  be  lenient.  On  the  upper  side,  any  devia¬ 
tion  is  certainly  not  the  concern  of  the  specifi¬ 
cation  writer.  The  person  that  really  should  be 
bothered  is  the  engineer  who  designed  the  equip¬ 
ment  under  test.  The  question  is,  just  how  much 
do  you  want  to  complicate  the  test  effort  in  order 
to  save  effort  in  design.  A  little  negotiation 
should  go  on  there,  but  the  specification  writer 
should  not  put  in  plus  or  minus  tolerances  ai 
the  beginning. 


FILTERING  THE  INPUT  CONTROL 
SIGNAL 

Mr.  Tustin:  I  feel  that  the  use  of  the  track¬ 
ing  filter  between  the  accelerometer  and  the 
servo  control  is  very  desirable  from  the  stand¬ 
point  of  standardizing  a  test.  No  detector  is 
completely  satisfactory  in  the  presence  of  har¬ 
monic  distortion  or  rattling  kinds  of  distortion, 
they  all  have  various  amounts  of  error.  If  it  is 
desirable  to  standardize  tests,  and  I  believe  that 
it  is,  then  we  should  all  either  use  the  same  type 
of  detector,  or  we  should  eliminate  the  influence 
of  the  detector  by  the  use  of  a  narrow-band  track' 
ing  filter  so  that  they  all  work  on  a  sine  wave 
and  behave  the  same.  I  think  the  simplest  pro¬ 
cedure  is  the  addition  of  a  tracking  filter  to  vi¬ 
bration  control  systems. 

Mr.  Kirchman:  You  have  all  heard  Mr. 
Bangs  previously  state  Goddard’s  contention 
that  the  use  of  a  filter  is  a  matter  of  judgment. 
We  feel  that  it  is  possible  to  get  yourself  into  a 
lot  of  trouble  and  a  lot  of  grief  by  their  use.  I 
would  like  to  say,  however,  that  we  do  approve 
and  insist  on  using  a  filter  in  cases  of  distortion 
due  to  banging  of  parts  and  the  like.  It  may  be 
more  acceptable  to  use  filters  which  do  not  track 
closely  rather  than  the  present  tendency  to  use 
commercial  filters  having  about  10-cps  band¬ 
width.  I  think  perhaps,  if  we  used  filters  which 
excluded  the  third  harmonic  on  the  fundamental 
input,  this  might  be  an  appropriate  way  of  run¬ 
ning  a  test. 

Dr.  Vigness:  It  seems  to  me  that  if  we  are 
going  to  be  concerned  with  the  amplitude  at  a 
particular  frequency,  then  we  should  use  a  filter, 


because  that  would  give  us  the  amplitude  at  that 
frequency.  If  a  complex  wave  is  applied  to  a 
vibration  test  and  we  do  not  use  a  filter,  then 
the  amplitude  is  not  of  any  particular  frequency, 
but  of  a  variety  of  frequencies.  If  we  do  not 
make  any  attempt  to  standardize,  but  tell  what 
we  are  doing,  that  should  be  sufficient. 

Mr.  Coler  (IBM  Corp.);  I  think  it  is  im¬ 
practical  to  come  up  with  a  standard  that  is 
intended  to  apply  to  a  number  of  varying  situa¬ 
tions.  To  say  that  we  are  always  going  to  run 
all  our  vibration  tests  by  the  standard,  using 
a  particular  tracking  filter  with  a  particular 
bandwidth  over  a  particular  frequency  range  is 
to  take  on  a  job  that  should  be  done  by  on-the- 
spot  engineers.  I  do  not  believe  that  a  vibration 
test  of  any  type  should  be  blindly  put  on  the 
shaker,  the  instrumentation  calibrated,  a  track¬ 
ing  filter  setup,  and  away  we  go  according  to  a 
standard.  I  think  that  each  vibration  test  should 
be  performed  by  making  a.  survey  run  at  which 
time  the  engineer  may  spend  half  a  day  fooling 
around  to  find  out  what  goes  on.  It  may  be  at 
reduced  levels,  so  that  we  get  an  understanding 
without  putting  too  much  time  on  it,  but  the 
engineer  then  has  to  decide  what  technique  is 
going  to  be  used  to  give  this  equipment  a  valid 
test.  If  he  has  a  heavy  shaker  in  relation  to  his 
test  item  and  a  virtually  resonant  free  fixture, 
the  distortion  may  not  be  severe,  and  he  can 
use  a  tracking  filter  to  get  a  very  accurate  in¬ 
put.  In  some  cases  the  distortion  is  extremely 
severe  (in  one  of  the  papers  given  here  there 
was  a  third  harmonic  that  was  equal  to  or 
greater  than  the  basic  input)  and  it  is  possible 
to  overtest.  I  think  that  during  the  survey  is 
when  the  decision  should  be  made  as  to  what 
type  of  instrumentation  and  control  we  should 
use.  A  standard  cannot  apply  to  everything, 
because  each  item  we  test  is  different.  This 
same  problem  is  going  to  exist  with  regard  to 
the  proper  number  of  control  points  and  how 
their  output  should  be  averaged. 

Mr.  Meeder  (Bendix):  As  I  indicated  in  my 
opening  remarks  engineering  judgment  should 
be  used  to  establish  the  performance  details  of 
the  vibration  test.  In  my  test  laboratory,  I  have 
to  rely  on  interpreting  the  intent  of  a  specifi¬ 
cation,  and  I  think  this  is  justifiable. 

There  are  an  awful  lot  of  seat-of -the -pants 
designers  who  are  accustomed  to  designing  in 
terms  of  a  10-g  test  or  a  5-g  test  as  it  is  pres¬ 
ently  performed.  This  means  something  to 
them  from  years  of  past  experience.  They  have 
taken  their  design,  given  it  to  a  test  lab,  had  it 
subjected  to  a  10-g  test.  They  know  more  or 
less  by  experience  how  they  should  design  for 
a  5-  or  10-g  test.  If  we  now,  arbitrarily,  change 
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our  ground  rules  (this  distortion,  by  the  way,  is 
nothing  new  that  came  about  with  spacecraft  — 
it  has  been  here  for  years)  and  use  a  tracking 
filter  on  the  control  accelerometer,  the  severity 
of  the  test  will  increase.  Now,  unless  this  in¬ 
formation  is  fed  back  to  the  specification  writers 
and  the  designers,  I  cannot  see  any  good  that 
would  come  out  of  a  change  such  as  this.  I  do 
not  think  any  specification  writer  should  write 
a  specification  with  tolerances  unless  he  knows 
the  test  standards  which  are  going  to  be  used.  I 
do  not  see  how  we  can  separate  the  standard 
from  the  specification.  They  go  hand  in  hand  in 
changes  such  as  this,  and  standards  should  not 
be  established  without  making  appropriate  com¬ 
pensating  changes  in  specifications. 

Mr.  Forkois  (NRL):  This  seems  to  evolve 
into  a  philosophical  discussion  regarding  whether 
standards  are  likely  to  result  in  better  equip¬ 
ment.  This  may,  or  may  not  be  the  case.  Per¬ 
sonally,  I  am  inclined  to  agree  with  some  of  the 
speakers  who  indicate  that  many  of  the  test  de¬ 
tails  should  be  based  on  engineering  judgment 
and  experience. 


CONTROL  POINT  LOCATION 
AND  CONDITIONING 

Mr.  Gertel  (Mitron  Corp.):  The  question  of 
whether  we  should  have  multiple  control  points 
and  how  to  use  them  would  not  be  asked  if  the 
recognition  did  not  exist  that  there  are  fixture 
resonances  in  the  frequency  range  of  today's 
vibration  tests.  These  tests  in  general  seem  to 
go  up  to  2000  cps  and  in  some  instances  beyond 
that,  because  these  higher  frequencies  have  been 
observed.  If  you  put  accelerometers  at  the  base 
of  a  black  box  with  four  mounting  points,  the  only 
reason  you  get  different  results  from  each  of 
these  accelerometers  is  because  the  fixture  is 
somehow  going  into  resonance  at  one  of  the  test 
frequencies. 

A  related  subject  is  how  specifications  are 
created.  I  do  not  condone  this,  but  what  usually 
happens  is  that  specifications  wind  up  as  envel¬ 
oping  many  data.  This  process  of  enveloping 
makes  the  specification  generally  more  severe 
than  any  one  single  condition  which  has  been  ob¬ 
served.  Now,  recognizing  this,  and  trying  to 
bring  some  judgment  back  into  the  problem  in 
the  laboratory,  I  have  a  feeling  that  we  should 
place  an  input  accelerometer  at  each  of  the 
mounting  points  where  the  test  object  is  attached 
to  some  aircraft  or  missile  structure.  This 
seems  rather  obvious.  I  would  then  suggest  that 
if  it  is  a  four -point  item,  all  four  points  should 
be  monitored  and  the  test  controlled  by  which¬ 
ever  accelerometer  reads  the  highest.  My 


feeling  is  that  even  if  one  attachment  point  of 
equipment  goes  to  zero,  and  another  point  is  at 
the  specification  value,  keeping  in  mind  the  true 
condition  that  exists  in  the  actual  field,  this  is 
not  a  bad  representation  of  the  proper  test  level. 

Dr.  Vigness:  You  believe  that  several 
points  should  be  monitored  and  that  the  point 
which  vibrates  the  most  be  used  to  control  the 
vibration  level.  This  sounds  like  a  suggestion 
from  one  of  the  contractors  who  makes  equip¬ 
ment  rather  than  from  a  person  that  buys  the 
equipment. 

Mr.  Price  (Hazeltine):  I  have  made  some 
studies  in  this  area  and  have  plotted  out  the 
transmissibilities  at  various  input  points.  I 
have  come  to  the  conclusion  after  some  con¬ 
sideration  that  the  only  real  way  to  give  a  fair 
test  is  to  use  the  square  root  of  the  average  of 
the  g2  of  the  accelerometers.  In  this  way  it  is 
possible  to  get  an  arithmetic  average  which 
fairly  well  represents  the  energy  that  is  re¬ 
quired  to  satisfy  the  test.  We  know  that  the 
cost  of  redesigning  fixtures  over  a  period  of 
time  is  quite  excessive  in  a  big  job.  We  have 
used  this  technique  successfully  to  obtain  what 
we  consider  a  suitable  average  g  value  which 
will  meet  the  specification  and  not  smash  up 
expensive  equipment. 

Dr.  Vigness:  I  understand  that  you  use  the 
rms  average  for  your  control.  We  have  two 
techniques  now.  A  minimum  and  an  rms  average. 

Mr.  Anderson  (MB  Electronics):  It  would 
seem  to  me  that  any  electrical  averaging  sys¬ 
tem  should  operate  on  some  type  of  a  detector 
output  because  of  the  phase  relationships  that 
might  exist  at  various  points.  For  motions  that 
are  180  degrees  out-of -phase,  accelerometers 
could  give  a  zero  signal  into  the  control  device 
if  an  instantaneous  average  is  used.  This  would, 
in  turn,  result  in  a  maximum  signal  into  the 
shaker.  If  an  average  of  the  rms  signals  is 
used,  I  believe  that  it  would  result  in  a  more 
representative  signal  level  for  control  purposes. 

Mr.  Madsen:  We  have  not  done  averaging 
as  a  universal  practice,  but  find  it  difficult  to 
see  why  anyone  would  not  agree  that  a  single 
input  control  transducer  is  not  adequate  to  de¬ 
fine  the  mean  motion  of  some  package  unless 
you  had  made  a  thorough  investigation.  If  a 
specification  states  there  should  be  the  same 
g  level  over  the  frequency  range  it  is  implicit 
that  it  have  a  uniform  motion.  The  thing  I  have 
not  really  solved  in  my  mind  is  whether  it 
should  be  an  instantaneous  average  or  an  aver¬ 
age  of  the  peaks.  It  would  seem  to  me  that  this 
is  a  question  of  whether  you  want  to  recognize 
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simple  rotational  modes.  If  you  want  them  to 
be  a  factor,  you  should  average  the  peaks  and  if 
you  do  not,  do  instantaneous  averaging. 

Dr.  Vigness:  I  feel  kind  of  sorry  for  the 
specification  writers;  they  write  a  specification 
and,  of  course,  we  can  always  find  something 
wrong  with  it,  but  we  cannot  find  any  way  to 
make  it  right.  What  kind  of  a  specification 
would  come  as  a  result  of  the  discussions  that 
we  have  had  here?  Everybody  seems  to  have 
their  own  ideas  and  nobody  knows  for  sure  what 
they  want  to  do. 

Dr.  Mains:  I  would  like  to  suggest  how  to 
do  it  "5^ht.  If  the  test  article  has  low  impedance 
compared  to  the  place  where  it  is  going  to  sit, 
then  whatever  the  motion  of  that  place  is,  the 
article  has  to  go  along  with  it.  On  the  other 
hand,  if  the  test  article  has  a  large  impedance 
compared  to  the  place  where  it  is  going  to  sit, 
it  can  rock  around  and  modify  the  motion  of  its 
mounting  point  appreciably.  Now,  in  the  first 
case,  where  the  test  article  is  on  a  high  imped¬ 
ance,  you  would  like  to  provide  a  controlled  mo¬ 
tion  and  perhaps  some  averaging  technique  is 
the  best  way  to  do  that.  On  the  other  hand,  when 
the  test  article  is  to  sit  on  a  low  impedance  sup¬ 
port,  then  you  are  going  to  have  all  kinds  of 
rocking  modes  in  its  service  position,  so  you 
should  allow  that  to  occur  also  in  the  test.  In 
this  latter  case,  you  should  just  measure  in  one 
spot,  perhaps  at  the  center  of  the  area  of  input, 
or  something  of  that  sort.  I  think  it  is  entirely 
possible  to  be  rational  about  these  measurement 
requirements  provided  you  have  some  concept  of 
the  nature  of  the  beast  on  which  the  article  is 
finally  going  to  be  mounted. 

Mr.  Forkois  (NRL):  That  is  an  important 
point;  but  we  do  not  know,  in  many  cases,  whether 
the  impedance  is  high  or  whether  the  impedance 
is  low.  It  becomes  very  difficult  to  write  a  spec¬ 
ification  for  a  future  missile  component  because 
there  is  no  source  of  information.  The  specifi¬ 
cation  writer  is  certainly  in  a  quandary  and  he 
can  only  base  the  tests  on  information  which 
may  or  may  not  apply  to  the  actual  specification 
he  is  writing  for  future  generation  equipment. 

Mr.  Hieber  (RCA):  I  believe  that  the  ques¬ 
tion  of  standardization  of  tests  should  be  consid¬ 
ered  with  reference  to  the  size  of  the  equipment 
to  be  tested.  If  we  arbitrarily  choose  a  test 
object  of,  say,  blackbox  size,  it  is  certainly  not 
illogical  to  standardize  vibration  tests  for  this 
size  object  (and  smaller)  in  order  to  obtain  uni¬ 
form  results.  Since  many  suppliers  are  involved, 
and  since  it  is  difficult  to  determine  exactly  what 
the  mounting  conditions  of  the  object  will  be,  we 
cannot  take  impedances  into  account.  If  we  are 


concerned  with  larger  sub-assemblies  and  as¬ 
semblies,  however,  it  makes  sense  to  treat  this 
size  test  object  on  an  individual  basis,  where 
talent  should  be  brought  to  bear  on  the  inter¬ 
pretation  of  the  requirements  and  the  results 
in  order  to  obtain  a  meaningful  test.  In  the 
case  of  large  test  items,  therefore,  standard¬ 
ization  is  not  desirable. 

Dr.  Vigness:  It  certainly  is  unfortunate 
that  we  cannot  treat  vibration  in  much  the  same 
way  as  the  Navy  does  with  some  of  its  shock 
tests;  i.e.,  just  specify  a  shock  test  machine 
and  a  testing  procedure  and  let  it  go  at  that, 
rather  than  detail  all  these  motions  which  we 
cannot  get  anyway.  This  concludes  the  panel 
discussion. 


CONCLUSIONS 

The  standardization  of  vibration  tests  con¬ 
tinues  to  be  a  subject  on  which  there  is  no  gen¬ 
eral  agreement,  even  on  relatively  simple  as¬ 
pects.  Each  autonomous  vibration  laboratory 
will,  no  doubt,  continue  to  perform  tests  ac¬ 
cording  to  rules  which  are  not  uniform  through¬ 
out  the  country.  Many  of  these  differences  in 
rules  (or  standards)  will  result  in  large  differ¬ 
ences  in  the  loads  which  are  imposed  on  the 
test  item.  Thus,  a  test  according  to  a  given 
specification  may  be  different  in  one  place  from 
one  given  in  another.  This  is  undesirable  from 
the  standpoint  of  government  procurement 
agencies. 

On  the  other  hand,  a  number  of  speakers 
have  expressed  the  opinion  that  standards  for 
many  tests  are  not  desirable  at  all.  The  argu¬ 
ment  they  present  is  that  the  present  state-of- 
the-art  is  simply  not  sufficiently  advanced  to 
make  uniformity  possible.  Rigid  standards 
would  be  unnecessarily  restrictive  and  would, 
in  many  cases,  defeat  the  purposes  of  stand¬ 
ardization.  Examples  of  many  such  cases  are 
easily  found.  They  usually  involve  relatively 
large  structures  of  greater  than  average  com¬ 
plexity.  Such  items  are  not  well  adapted  to 
standardized  tests  because  of  the  difference  in 
mechanical  impedance  between  the  test  condi¬ 
tions  and  the  intended  service  application.  It  is 
commonly  contended,  with  much  justification, 
that  large  and  expensive  structures  of  neces¬ 
sarily  low  factors  of  safety  require  intensive 
and  individual  engineering  study.  Test  details 
cannot  be  established  solely  on  the  basis  of  a 
study  of  the  expected  environment.  Such  infor¬ 
mation  must  be  combined  with  a  knowledge  of 
the  elastic  response  characteristics  of  the  item 
under  test,  and  the  complex  influence  of  mechan¬ 
ical  impedance.  Vibration  test  details,  therefor? 
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are  properly  determined  by  an  on-the-spot  en¬ 
gineer  rather  than  by  predetermined  standards. 
He  would  base  his  decisions  on  extensive  reso¬ 
nance  surveys,  a  knowledge  of  the  field  environ¬ 
mental  conditions,  economic  considerations,  and 
on  intuitive  feeling  for  whether  certain  practices 
are  reasonable  or  not. 


Both  views  of  the  same  situation  seem  to 
be  merited  from  a  technical  standpoint.  A  rea¬ 
sonable  compromise  would  be  to  identify  the 
characteristics  of  structures  or  situations  which 
do  permit  standardization.  It  would  then  be  pos¬ 
sible  to  concentrate  on  the  achievement  of  a  de¬ 
gree  of  uniformity  in  those  areas  where  there  is 
something  like  unanimity  of  agreement.  At  the 
same  time  the  types  of  information  required  by 
the  engineer  making  on-the-spot  decisions  should 
be  studied  for  completeness  and  applicability. 

There  remains  much  work  to  be  done  in  this 
area  and  we  believe  that  it  is  the  duty  of  test 
engineers  and  their  managements  to  study  this 
problem  in  their  own  laboratories.  They  should 
identify  the  characteristics  of  equipment  where 
standardization  may  be  of  benefit,  and  establish 
and  use  appropriate  standards  in  their  own  lab¬ 
oratories.  They  should  also  identify  the  charac¬ 
teristics  of  test  items  which  should  not  be  sub¬ 
jected  to  standardized  tests,  and  should  formal¬ 
ize  the  procedures  by  which  decisions  are  made 
regarding  test  details.  The  results  of  such  stud¬ 
ies  should  be  reported  in  these  or  similar  sym¬ 
posia  for  the  benefit  of  others  in  the  field. 

Specifically,  it  would  seem  that  more  study 
should  be  given  to  the  following  questions. 


1.  What  are  the  characteristics  of  test 
items  and  test  equipment  which  permit  stand¬ 
ardization  of  vibration  test  methods  ? 

2.  What  is  the  relationship  of  transducer 
accuracy  to  economics  and  to  test  results? 

3.  What  is  the  effect,  in  terms  of  test  re¬ 
sults,  of  cross -motion,  of  filtered  and  unfiltered 
input  motion,  of  multiple  input  control  points, 
and  the  like  ? 

4.  What  is  the  feasibility  of  new  approaches 
to  the  conduct  of  vibration  tests,  e.g.,  constant 
force  techniques,  controlled  mechanical  imped¬ 
ance,  and  so  forth? 

Questions  regarding  the  correctness  of 
specification  tests  have  frequently  been  raised 
during  this  and  similar  panel  discussions.  It 
seems  that  specification  writers  frequently  tend 
to  simplify  vibration  test  requirements  to  the 
point  that  they  are  technically  undesirable  in 
many  aspects.  When  this  occurs,  the  test  engi¬ 
neer  is  urged  to  seek  a  change  in  the  legal  re¬ 
quirements,  or  to  request  a  waiver.  This  is  a 
basic  problem  area,  but  it  is  only  indirectly 
related  to  the  standardization  effort.  More  fre¬ 
quently  the  test  engineer  is  required  to  per¬ 
form  tests  according  to  a  particular  specifica¬ 
tion  which  must  be  assumed  to  be  correct. 

Even  if  he  believes  the  specification  to  be  im¬ 
proper  or  incomplete,  it  is  frequently  more  ex¬ 
peditious  or  economic  to  perform  the  test  than 
to  seek  relief.  In  all  cases  where  a  definite  spec¬ 
ification  is  to  be  followed,  standardized  test 
methods  can  be  of  great  value.  Therefore,  the 
problem  of  incorrect  specifications  and  the 
problem  of  standardization  are  two  subjects 
which  should  be  discussed  separately. 


COMPARISON  OF  PREDICTED  AND  MEASURED  VIBRATION 
ENVIRONMENTS  FOR  SKYBOLT  GUIDANCE  EQUIPMENT 


J.  M.  Brust  and  H.  Himelblau 
Nortronics,  a  Division  of  Northrop  Corporation 
Hawthorne,  California 


The  Nortronics  modification  of  the  Mahaffey- Smith  procedure  was  uti¬ 
lized  to  predict  the  vibration  environment  of  guidance  equipment  for 
the  Skybolt  air  launched  ballistic  missile  during  B-52F  takeoff  and 
missile  postlaunch  conditions,  and  to  establish  design  and  test  criteria 
for  the  hardware.  A  comparison  is  made  with  actual  vibration  meas¬ 
urements  during  aircraft  takeoff  and  missile  flight.  Improvement  to 
the  prediction  procedure  is  indicated.  Comparison  is  also  made  with 
the  prediction  techniques  developed  by  Franken,  Winter  and  Curtis. 

The  establishment  of  realistic  criteria  for  missile  and  spacecraft 
equipment  still  requires  additional  research  in  this  area.  It  is  specu¬ 
lated  that  the  early  application  of  preflight  acoustic  testing  of  vehicle 
sections,  in  conjunction  with  mechanical  impedance  methods,  would  do 
much  to  improve  prediction  techniques. 


INTRODUCTION 

The  GAM- 87 A  or  Skybolt  missile  was  de¬ 
signed  to  be  carried  aloft  by  a  strategic  bomber 
and,  upon  command,  put  into  a  ballistic  trajec¬ 
tory  to  reach  its  intended  target.  Douglas  Air¬ 
craft  Company  was  prime  contractor  for  the 
missile  while  Nortronics  was  guidance  subcon¬ 
tractor.  Figure  1  shows  four  Skybolt  missiles 
carried  by  a  B-52  aircraft,  two  under  each 
wing  and  located  between  the  fuselage  and  an 
inboard  set  of  turbojet  engines.  The  missiles 
appear  to  be  in  the  acoustic-near -field  of  these 
engines.  Figure  2  shows  the  missile  at  closer 
range.  The  guidance  equipment  was  located  in 
the  guidance  bay,  which  is  just  aft  of  the  inter¬ 
section  of  the  conical  section  (re-entry  vehicle) 
with  the  cylindrical  section  of  the  remainder  of 
the  vehicle.  A  diagram  of  the  guidance  bay  and 
its  equipment  is  shown  in  Fig.  3.  The  Astro- 
inertial  Instrument  (AI),  appearing  in  the  upper 
left  portion  of  the  figure,  was  comprised  of  an 
inertial  platform  with  stellar  correction,  some 
electronic  circuits  'and  thermal  conditioning 
equipment.  The  platform  was  resiliently 
mounted  to  the  AI  housing,  which  was  hard- 
mounted  to  the  secondary  structure  of  the  mis¬ 
sile.  The  Ballistic  Computer  (BC)  and  the 
Platform  Electronics  (PE),  shown  in  the  lower 
right  portion,  were  mated  along  one  surface 
and  this  combined  package  was  resiliently 


mounted  to  the  secondary  structure  of  the 
missile. 

The  mission  profile  for  the  vehicle  could 
be  nominally  divided  into  two  phases:  prelaunch 
and  postlaunch.  The  operational  requirements 
and  design  considerations  for  each  phase  dif¬ 
fered  significantly.  The  prelaunch  phase  was 
a  long  time  environment  with  only  certain  guid¬ 
ance  functions  operative.  The  guidance  subsys¬ 
tem  was  designed  for  many  takeoffs  of  the  car¬ 
rier  vehicle,  as  well  as  thousands  of  hours  of 
carrier  flight  at  high  and  low  altitudes.  As  ex¬ 
pected,  B-52  takeoff  was  the  controlling  pre¬ 
launch  condition  for  the  acoustically-induced 
vibration  environment.  The  runway  and  lowered 
wing  flaps  served  as  additional  reflecting  sur¬ 
faces  and  increased  the  acoustic  loading  from 
the  turbojet  engines  on  the  missile  structure. 
The  postlaunch  phase  was  a  relatively  short 
time  environment  requiring  the  operation  of 
other  guidance  functions.  Combined  environ¬ 
ments  not  seen  in  the  prelaunch  phase  were  ex¬ 
pected,  such  as  sustained  acceleration  and 
vibration.  For  the  postlaunch  phase,  the  high¬ 
est  vibration  levels  were  expected  at  the  time 
of  maximum  dynamic  pressure  on  the  vehicle 
due  to  boundary  layer  turbulence.  In  addition, 
high  transients  were  expected  due  to  missile 
drop  from  the  carrier  aircraft,  rocket  engine 
ignitions,  and  staging  events. 
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Fig.  1  -  B-52H  strategic  bomber  with  four 
prototype  GAM-87A  ballistic  missiles 


Fig.  2  -  GAM-87A  missile  on  B-52F  aircraft  prior  to  flight  test. 
Guidance  bay  is  located  just  aft  of  the  intersection  of  the  conical 
and  cylindrical  sections. 
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Fig.  3  -  Layout  of  guidance  equipment  in  guidance  bay,  showing  Astroinertial  Instrument 
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Early  in  1960,  when  the  design  of  the  guid¬ 
ance  equipment  was  initiated,  acoustically- 
induced  vibration  was  recognized  as  an  impor¬ 
tant  environment  in  the  design  of  the  guidance 
hardware.  Work  on  two  problem  areas  was 
initiated  immediately.  First,  the  vibration 
environment  was  predicted  using  the  best  infor¬ 
mation  available  at  that  time.  Second,  a  labo¬ 
ratory  development  program  was  initiated  to 
supplement  preliminary  analytical  studies  of 
the  structural  design.  Since  the  basic  structural 
configuration  of  the  equipment  had  already  been 
formulated  in  a  general  manner,  it  was  decided 
to  use  prototype  hardware  in  certain  cases,  and 
structural  dummies  in  other  cases,  to  investi¬ 
gate  the  vibratory  response  characteristics  of 
the  preliminary  hardware.  Both  of  these  areas 
were  upgraded  continually  throughout  the  de¬ 
sign  phase,  and  were  considered  essential  to 
the  delivery  schedule  of  the  equipment  and  to 
the  intended  reliability  of  the  subsystem. 

From  measurements  on  similar  vehicles, 
such  as  the  GAM-77  (Hound  Dog)  missile,  the 
environment  during  both  prelaunch  and  post¬ 
launch  phases  was  expected  to  be  random  vi¬ 
bration.  Prior  to  the  Skybolt  program,  labora¬ 
tory  testing  performed  on  similar  equipment 
indicated  that  sinusoidal  vibration  produced 
considerably  different  effects  on  guidance  per¬ 
formance  than  did  random  vibration. 1,2  For 
this  reason,  it  was  decided  to  use  random  vi¬ 
bration  for  laboratory  testing  of  Skybolt  guid¬ 
ance  and  to  predict  the  vibration  environment 
in  this  form. 

This  paper  will  discuss  the  procedure  for 
predicting  the  anticipated  Skybolt  environment 
and  will  compare  this  prediction  with  field 
measurements  made  later  in  the  program  dur¬ 
ing  flight  tests.  It  should  be  pointed  out  that 
the  comparison  of  prediction  with  measurement 
will  be  made  on  the  basis  of  the  predicted  field 
conditions,  rather  than  an  extrapolation  of  the 
prediction  to  laboratory  test  criteria,  since  the 
test  criteria  would  logically  include  considera¬ 
tions  of  additional  factors  (test  limitations, 
margins  of  safety,  and  the  like)  which  will  be 
described  later.  Before  the  Skybolt  prediction 
is  described,  however,  it  would  be  appropriate 
to  present  the  more  general  Nortronics  predic¬ 
tion  procedure. 

In  addition,  other  prediction  procedures 
will  be  described  which  were  developed  subse¬ 
quent  to  the  initiation  of  Skybolt.  Comparison 
of  these  predictions  with  Skybolt  measurements 
will  also  be  made. 


*See  References,  page  278. 


THE  NORTRONICS  VIBRATION 
PREDICTION  PROCEDURE  FOR 
DETERMINING  DESIGN  AND 
TEST  CRITERIA 

Equipment  located  in  turbojet  and  rocket 
powered  vehicles  are  often  excited  by  random 
structural  vibration  caused  by  random  acoustic 
noise  generated  externally  to  the  vehicle.  In 
general,  the  two  primary  noise  sources  are: 

(1)  the  turbulent  jet  of  the  engines,  and  (2)  the 
turbulence  in  the  aerodynamic  boundary  layer. 
Engine  noise  usually  is  most  severe  at  takeoff 
or  lift-off,  while  boundary  layer  turbulence  is 
usually  most  severe  at  maximum  dynamic  pres¬ 
sure.  Since  flight  and  space  vehicle  structural 
vibration  is  caused  principally  by  the  external 
noise  or  turbulence  field,  it  is  generally  possi¬ 
ble  to  relate  the  severity  of  the  vibration  with 
the  severity  of  the  noise  or  turbulence.  This 
relationship  may  be  used  to  predict  structural 
vibration  levels  and  derive  vibration  design  and 
test  criteria  for  equipment  inside  the  vehicle. 

The  acoustically -induced  vibration  envi¬ 
ronment  may  be  predicted  by  utilizing  the  fol¬ 
lowing  steps:  (1)  the  external  acoustic  or 
aerodynamic  pressure  levels  are  determined 
by  measurement  or  prediction  (preferably  the 
former)  on  a  wideband  basis  (octave  or  one- 
third  octave  is  commonly  used),  (2)  a  relation¬ 
ship  is  used  to  find  wideband  vibration  levels 
from  the  wideband  acoustic  or  turbulence  pres¬ 
sure  levels  (in  this  case  the  Nortronics  modifi¬ 
cation  of  the  Mahaffey-Smith  procedure),  and 
(3)  a  wideband-to-narrow  band  correction  factor 
is  applied  so  that  the  predicted  vibration  levels 
envelope  the  peaks  of  the  spectrum,  rather  than 
average  the  peaks  and  valleys  of  the  spectrum. 
After  the  narrow  band  vibration  envelope  is 
predicted,  the  design  and  test  criteria  are  es¬ 
tablished.  Each  of  the  above  steps  will  now  be 
described. 


Determination  of  External  Acoustic 
Noise  Levels  from  Turbojet  and 
Rocket  Engines 

The  noise  environment  of  jet  and  rocket 
powered  vehicles  is  usually  most  severe  at 
takeoff  or  lift-off,  due  to  the  high  engine  thrust, 
the  presence  of  noise  reflecting  surfaces,  and 
the  absence  of  significant  forward  motion  ef¬ 
fects.  The  noise  levels  are  determined  prima¬ 
rily  by  the  number  and  sizes  of  the  engines, 
and  the  location  of  the  equipment  relative  to  the 
engines.  Actual  field  measurements  are  the 
best  determination  of  this  environment.  Table  1 
lists  some  approximate  values  of  overall  sound 
pressure  levels  (OA  SPL)  for  present-day 
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aircraft  and  missiles.  If  acoustic  data  are  not 
available,  then  measurements  on  a  similar  ve¬ 
hicle  or  configuration  may  be  useful.  (This  in¬ 
cludes  properly  scaled  models,  as  pointed  out 
in  Refs.  3  and  4.)  If  an  entirely  new  configura¬ 
tion  is  being  proposed,  then  an  acoustical  pre¬ 
diction  should  be  made.  Several  excellent 
sources  of  this  information  are  available, 
namely  Refs.  5-8.  The  near  field  OA  SPL  of  a 
typical  1955-vintage  turbojet  engine  at  takeoff 
is  shown  in  Fig.  4  with  the  octave  band  sound 
pressure  level  (OB  SPL)  obtainable  from  Fig.  5 
(Ref.  9).  -The  OA  SPL  and  OB  SPL  for  the  sur¬ 
face  of  a  large  ballistic  missile  at  lift-off  is 
shown  in  Fig.  6  (Ref.  10). 

In  certain  cases,  it  is  possible  to  estimate 
grossly  the  OA  SPL  (such  as  those  listed  in 
Table  1),  but  not  the  shape  of  the  spectrum.  In 
these  cases,  it  might  be  advisable  to  use  as  an 
interim  measure  the  OB  SPL  shown  in  Fig.  7 
(as  the  solid  curve).  This  should  be  advanta¬ 
geous,  for  example,  during  the  proposal  stage 
or  the  preliminary  design  stage  of  a  program. 

The  dashed  curve  of  Fig.  7  is  a  typical 
spectrum  for  the  internal  acoustic  noise  inside 
a  vehicle.  Both  the  external  and  internal  OB 
SPL  are  referenced  to  the  external  OA  SPL. 
The  internal  OB  SPL  is  assumed  on  the  basis 
of  typical  values  of  octave  band  noise  reduction 
for  aerospace  structure. 


TABLE  1 

External  Acoustical  Noise  Levels  for 
Rocket- Propelled  Missiles  at  Lift-off 
or  Jet-Propelled  Aircraft  at  Takeoff 


Vehicle 

Location 

OA  SPL 
(db) 

Titan  I 

Nose  cone 

139 

Interstage 

143 

Engine  compartment 

155 

Jupiter 

Nose  cone 

148 

Engine  compartment 

153 

B-52 

Forward  fuselage 

137 

Mid  fuselage 

155 

Aft  fuselage 

157 

B-58 

Forward  fuselage 

128 

Mid  fuselage 

148 

Aft  fuselage 

156 

Forward  pod 

145 

Aft  pod 

157 

RB-66 

Forward  fuselage 

124 

Mid  fuselage 

133 

Aft  fuselage 

148 

AXIAL  DISTANCE  FROM  JET  NOZZLE.  X/D 


Fig.  4  -  Contours  of  OA  SPL  in  the  near  field  of 
a  typical  19  55-vintage  turbojet  engine  (Ref.  9) 
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Typical  acoustic  noise  spectra  for  the  surface  of  a  large 
liquid-propelled  ballistic  missile  (Ref.  10) 


Fig.  7  -  Typical  acoustic  noise  or  turbulence  spectra  for  use 
during  the  preliminary  design  or  proposal  phase  of  a  program 


Determination  of  Boundary  Layer 
Pressure  Levels  from  Aerody¬ 
namic  Turbulence 

Boundary  layer  pressure  fluctuations  ex¬ 
cite  vehicle  structure  in  a  manner  similar  to 
that  from  acoustic  noise  fields.  Actual  field 
measurements  are  the  best  determination  of 
this  environment.  If  these  are  not  available  or 
if  a  new  configuration  is  to  be  used,  then  a  pre¬ 
diction  is  desired.  References  5,  6,  and  10 
may  again  be  used  as  source  material.  Based 
on  empirical  data  from  Refs.  5  and  11,  a  rela¬ 
tionship  between  the  rms  boundary  layer  turbu¬ 
lence  (pr)  and  the  free  stream  dynamic  pres¬ 
sure  (q„)  has  been  found: 

pr  =  Ktq.  ,  (1) 

where 

q*  =  0.7  PM„2, 

P  =  atmospheric  pressure  at  the  altitude 
of  operation,  and 

M,,,  =  free  stream  Mach  number  of  the  ve¬ 
hicle. 


Figure  8  shows  that  the  value  of  Kt  may 
vary  over  a  wide  range,  depending  upon  the 
aerodynamic  cleanliness  of  the  vehicle.  For 
vehicles  that  are  relatively  clean,  a  value  of 
Kt  =  5  x  10“ 3  is  often  utilized,  particularly  in 
a  preliminary  design  stage.  This  value  of  Kt 
also  coincides  with  data  from  turbulence  over 
a  flat  plate.5  It  is  often  more  convenient  to 
express  the  turbulence  pressure  in  terms  of 
the  overall  turbulence  pressure  level  (OA  TPL). 
Using  Kt  =  5  x  10” 3 : 

OA  TPL  =  20  log  pr  =  20  log 

+  82  db  (re  2*  lO'4^).  (2) 

Table  2  shows  the  Mach  number  required  to 
produce  various  dynamic  pressures  at  several 
altitudes.  (The  corresponding  values  of  OA  TPL 
from  Eq.  (2)  are  shown,  in  parentheses,  assum¬ 
ing  Kt  =  5  x  10-3.) 

Once  the  OA  TPL  has  been  determined,  the 
shape  of  the  spectrum  can  be  determined  from 
Fig.  9,  where  TSL  =  turbulence  spectrum  level; 
Cg,  and  cQ  =  speed  of  sound  at  the  altitude  of 
operation  and  at  sea  level,  respectively;  and 
v0  =  free  stream  kinematic  viscosity  at  the 
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Fig.  8  -  Ratio  of  boundary  layer  turbulence  pressure  to  free  stream 
dynamic  pressure  as  a  function  of  vehicle  Mach  number  and  aerody¬ 
namic  cleanliness  (Ref.  11) 


TABLE  2 

Mach  Number  Required  to  Produce  Certain  Free  Stream  Dynamic  Pressures 
at  Various  Altitudes  of  a  Vehicle  (Overall  Turbulent  Pressure  Levels  Are 
Shown  in  Parenthesis  for  Kt  =  5  x  10“3) 


Pressure 

Altitude 

(ft) 

Speed  of 
Sound 
(ft/sec) 

Kinematic 
Viscosity 
(ft2 /sec) 

Free  Stream  Dynamic  Pressure  (and  OA  TPL) 

450  psf 
(135  db) 

800  psf 
(140  db) 

1400  psf 
(145  db) 

2500  psf 
(150  db) 

4500  psf 
(155  db) 

Sea  Level 

■ 

1.57  x  10-4 

0.5 

BO 

wgm 

1.3 

1.7 

10,000 

2.01 

0.7 

mm 

WSm 

1.6 

2.1 

20,000 

2.62 

0.8 

i.i 

■H 

1.9 

2.6 

30,000 

3.49 

1.0 

1.3 

1.8 

2.4 

3.2 

40,000 

5.06 

1.3 

1.7 

2.3 

3.0 

50,000 

970 

8.16 

1.6 

2.2 

2.9 

60,000 

970 

13.16 

2.1 

2.8 

3.6 

70,000 

970 

21.22 

3.5 

80,000 

970 

34.20 
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altitude  of  operation  and  at  sea  level,  respec¬ 
tively,  and  b  =  boundary  layer  thickness. 

Table  2  presents  the  speed  of  sound  and  the 
kinematic  viscosity  at  several  altitudes.  The 
boundary  layer  thickness  may  be  obtained  from 

b  -  0.37  L  (iw  c,ri  M^L)1  5  .  (3) 

vnere  L  =  the  distance  from  the  leading  edge 
of  the  structure  initiating  the  turbulence,  and 
the  dimensionless  quantity  (within  the  parent  ho 
03)  is  the  inverse  of  the  Reynolds  numb-.  -.  :: 
should  be  pointed  out  that  Eq.  (3)  was  obtained 
for  a  flat  plate  only  (Refs.  5  and  12)  and  that 
other  data  are  available  which  do  not  substanti¬ 
ate  this  equation. 

The  octave  band  turbulence  pressure  level 
(OB  TPL)  can  be  calculated  from  the  turbulence 
spectrum  level  by 

OB  TPL.  =  TSL  +  to  log  Af  (4) 

where  the  TSL  is  established  at  the  geometric 
mean  frequency 

[f.  *  ff(fbi'/2] 

of  the  octave  band  of  interest,  and  Af  =  fh  - 
is  the  bandwidth. 

In  certain  cases,  it  is  possible  to  estimate 
grossly  the  OA  TPL  (such  as  those  listed  in 
Table  2),  but  not  the  shape  of  the  spectrum.  In 
these  cases,  it  might  be  advisable  to  use  again 
the  spectrum  of  Fig.  7  as  an  interim  measure. 
This  should  again  be  advantageous  during  the 
proposal  stage  or  the  preliminary  design  stage 
of  a  program. 


Determination  of  Wideband  Vibration 
Levels  (Nortronics  Modification  of 
the  Mahaffey-Smith  Procedure) 

Several  years  ago,  an  investigation  was 
carried  out  to  determine  a  relationship  between 
acoustic  noise  from  turbojet  engines  and  wide¬ 
band  random  vibration  of  the  structure  on  the 
basis  of  measured  data.  This  investigation  was 
made  by  Mahaffey  and  Smith  at  Convair-Fort 
Worth  on  B-52  and  B-58  aircraft  under  takeoff 
conditions.  The  original  random  vibration  data 
was  later  modified  to  relate  acoustic  noise  and 
sinusoidal  vibration  (at  the  insistence  of  USAF) 
based  upon  a  questionable  conversion  of  random 
rms  values  to  sinusoidal  peak  values.  This  in¬ 
formation,  published  in  Ref.  13,  is  considered 
to  be  of  little  value  in  the  design  and  test  of 
complex  electronic  and  electromechanical 


equipment.  If  the  original  relationship  of 
acoustic  noise  to  random  vibration  is  used, 
however,  it  is  possible  to  predict  wideband 
random  vibration  conditions  on  the  basis  of 
known  or  predicted  external  noise.  Surpris¬ 
ingly,  when  the  Convair-derived  relationship 
was  investigated  for  some  other  vehicles,  the 
same  general  relationship  was  found  to  be  ap¬ 
plicable.  Since  the  relationship  holds  for  a 
variety  of  structures  and  noise  souref  .•  ,  there 
N  reason  to  assume  it  will  be  valid  for  many 
u  \  ehicles. 

The  relationships  between  octave  band 
random  vibration  and  external  OB  SPL,  as  ob¬ 
tained  from  the  Convair  data  (see  the  last  para¬ 
graph  of  Ref.  13)  are  shown  in  Figs.  10  and  11. 
The  upper  60-percent  confidence  lines  of  Ref. 

13  envelope  nearly  all  vibration  measurements 
applicable  to  equipment  locations.  This  is  due 
primarily  to  the  mass  loading  effects  (mechan¬ 
ical  impedance)  of  the  equipment  on  the  struc¬ 
ture.  The  use  of  the  60- percent  lines  insure  a 
small  amount  of  conservatism  for  larger  equip¬ 
ment.  (This,  of  course,  also  means  that  the 
60-percent  lines  are  nonconservative  estimates 
for  the  vibration  response  of  unloaded  struc¬ 
tures.) 

The  random  vibration  levels  are  expressed 
in  terms  of  the  (mean  square)  acceleration 
spectral  density  averaged  over  the  octave  band. 
Only  the  frequency  range  below  2400  cps  is 
considered,  because  it  is  assumed  that  higher 
frequency  excitation  produces  no  degradation 
to  typical  equipment. 

In  a  preliminary  design  or  proposal  phase 
of  a  program,  Figs.  10  and  11  can  be  used  in 
conjunction  with  the  solid  curve  of  Fig.  7  to 
calculate  octave  band  vibration  levels  from  an 
external  OA  SPL  or  OA  TPL.  For  example,  if 
the  OA  SPL  =  155  db,  the  OB  SPL  would  be  cal¬ 
culated  from  Fig.  7  for  the  six  octave  bands 
below  2400  cps.  Then  the  predicted  octave 
band  vibration  levels  (average  acceleration 
density)  may  be  determined  using  Figs.  10  and 
11.  The  resulting  values  are  plotted  as  the 
dashed  curve  in  Fig.  12. 

Determination  of  Narrow  Band 
Vibration  Levels 

Wideband  analysis  of  structural  vibration 
has  the  characteristic  of  averaging  resonant 
and  anti-resonant  behavior  within  the  band.  If 
the  analysis  is  to  be  used  for  determining  de¬ 
sign  and  test  criteria,  a  correction  must  be 
made  to  account  for  the  ratio  of  the  spectral 
density  for  resonant  response  peaks  to  the  av¬ 
erage  spectral  density  over  octave  bandwidths. 
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OCTAVE  BAND  SOUND  PRESSURE  LEVEL  -  dB  r.  2*10'4 


Fig.  10  -  Relationship  between  wideband  vibration  and  acoustic 
noise  (35-300  cps )  based  on  Mahaffey- Smith  upper  60-percent 
confidence  lines 
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AVERAGE  ACCELERATION  SPECTRAL  DENSI  TY  -  gVcp 


Fig.  11  -  Relationship  between  wideband  vibration  and  acoustic 
noise  (300-2400  cps )  based  on  Mahaffey-Smith  upper  60-percent 
confidence  lines 
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ACCELERATION  SPECTRAL  DENSITY  -g2/cpi 


FREQUENCY  'CPS 

Fig.  12  -  Determination  of  random  vibration  design  and  test  criteria  for  OA  SPL  or  OA  TPL  = 
155  db  for  use  during  the  preliminary  design  or  proposal  phase  of  a  program  (using  Figs.  7, 
10,  and  11,  and  a  correction  factor  of  5) 


245 


Referring  to  Ref.  14,  a  correction  factor 
was  established  for  Titan  I  applications  by 
comparing  a  narrow  band  analysis  (using  a 
swept  5-cps  bandwidth  filter  at  Martin- Denver) 
with  a  wideband  analysis  (using  a  stepped  100- 
cps  bandwidth  filter  at  STL)  of  the  same  data. 
The  ratio  of  resonant-to-average  acceleration 
sppctral  density  was  approximately  3  in  most 
cases,  and  always  less  than  5.  A  later  com¬ 
parison  was  made  on  a  different  set  of  Titan 
data,  this  time  comparing  a  narrow  band  anal¬ 
ysis  (using  a  swept  6.4-cps  bandwidth  filter  at 
Nortronics)  with  a  wideband  analysis  (using  a 
stepped  one-third  octave  bandwidth  filter  at 
Bolt,  Beranek,  and  Newman)  of  the  same  data. 
Plots  of  the  one -third  octave  data  (furnished  by 
Bolt,  Beranek,  and  Newman)  are  shown  in  Fig. 
13,  while  narrow  band  data  are  shown  in  Figs. 
14  and  15.  Superimposed  on  the  latter  figures 
is  the  average  acceleration  spectral  density 
calculated  from  the  one-third  octave  rms  ac¬ 
celeration,  shown  as  dashed  curves.  By  com¬ 
bining  data  from  three  adjacent  one-third  oc¬ 
taves,  the  average  octave  band  value  was 
calculated  as  well.  These  are  shown  in  Figs. 

14  and  15  as  solid  curves.  For  these  data,  the 
correction  factor  varied  between  1.3  and  2.5 


for  one-third  octave  bands  (with  an  average  of 
2.0)  and  between  2.3  and  4.7  for  octave  bands 
(with  an  average  of  3.2). 

On  the  basis  of  the  above  information,  a 
correction  factor  of  5  was  selected  for  convert¬ 
ing  octave  band  vibration  levels  to  narrow  band 
vibration  levels.  This  correction  was  consid¬ 
ered  to  be  acceptably  conservative  for  predic¬ 
tion  purposes.  Applying  this  correction  to  the 
wideband  vibration  data  for  an  OA  SPL  =  155  db, 
the  dashed  curve  of  Fig.  12  is  converted  to  the 
dot-and-dash  curve  of  the  same  figure.  (Note 
that  the  procedure  of  enveloping  spectral  peaks 
is  not  necessarily  the  best  method  for  arriving 
at  a  test  criteria.  Mechanical  impedance  con¬ 
siderations  may  cause  this  procedure  to  be 
overly  conservative.) 


Determination  of  Design  and 
Te$t  Criteria 

To  determine  test  criteria,  the  narrow 
band  vibration  levels  must  be  modified  to  re¬ 
flect  (1)  laboratory  test  procedures  and  toler¬ 
ances;  (2)  limitations  of  the  laboratory  test 


Fig„  13  -  Measured  one-third  octave  vibration  spectra  for  Titan  I 
ballistic  missile  during  static  firing 
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Fig.  14  -  Comparison  of  narrow  band,  one-third  octave  and  octave  band 
random  vibration  spectra  of  same  field  data 


(e.g.,  testing  one  direction  at  a  time,  not  simu¬ 
lating  combined  environments  simultaneously); 
and  (3)  the  margin  of  safety  desired.  Most  ran¬ 
dom  vibration  tests  are  performed  to  ±  3-db 
tolerances  (when  analyzed  with  a  filter  having 
an  equivalent  ideal  bandwidth  of  10  cps  or  less). 
Smaller  tolerances  usually  produce  difficulty  in 
controlling  the  test  unless  wider  bandwidths 
are  used.  In  addition,  a  reasonably  smooth 
spectrum  is  desired  for  use  in  monitoring  the 
test.  To  account  for  these  factors,  the  design 
and  test  criteria  are  drawn  as  comfortable  en¬ 
velopes  above  the  narrow  band  vibration  levels. 

For  example,  in  the  proposal  or  prelimi¬ 
nary  design  stage,  this  envelope  is  shown  as 
the  solid  line  in  Fig.  12  for  the  vibration  caused 
by  an  external  OA  SPL  =  155  db.  Using  a  simi¬ 
lar  procedure  for  the  lower  values  of  OA  SPL 
or  OA  TPL,  the  family  of  curves  shown  in  Fig. 
16  is  derived.  By  taking  the  square  root  of  the 
area  under  each  curve,  the  rms  acceleration 
associated  with  each  OA  SPL  or  OA  TPL  is 
found.  This  value  is  listed  on  Fig.  16  next  to 
the  value  of  OA  SPL  or  OA  TPL. 


The  time  duration  of  the  test  should  be  se¬ 
lected  on  the  basis  of  the  operational  life  of  the 
equipment  or  structure  of  interest  under  condi¬ 
tions  of  (1)  takeoff  or  lift-off,  and  (2)  high  dy¬ 
namic  pressure.  Under  each  condition,  if  the 
total  time  is  sufficiently  short  (say,  less  than 
12  hours),  then  a  real-time  test  should  be  em¬ 
ployed.  On  the  other  hand,  if  the  exposure  time 
under  a  severe  environment  is  much  longer, 
then  the  time  of  test  should  be  selected  to  re¬ 
flect  the  number  of  vibration  cycles  applied  to 
the  equipment.  The  test  duration  need  not  be 
longer  than  that  required  to  produce  5  x  106 
cycles  at  the  lowest  resonant  frequency  of  im¬ 
portance,  since  the  endurance  limit  of  nearly 
all  materials  used  in  aerospace  vehicle  equip¬ 
ment  and  structures  will  have  been  realized  by 
this  number  of  cycles.  Vibration  degradation 
would  not  be  anticipated  after  this  time  dura¬ 
tion.15  For  example,  if  the  lowest  structural 
resonant  frequency  is  120  cps  or  greater, 

5  x  106  cycles  can  be  realized  in  a  12-hour  test. 

Certain  equipment  may  have  resonant  fre¬ 
quencies  below  120  cps.  This  will  be  so,  for 
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Fig.  15  -  Comparison  of  narrow  band,  one-third  octave  and  octave  band 
random  vibration  spectra  of  same  field  data 


example,  if  the  equipment  incorporates  resili¬ 
ent  mounts.  For  such  cases,  components  with 
a  low  resonant  frequency  might  be  tested  sepa¬ 
rately  for  the  time  duration  required  to  accu¬ 
mulate  5  x  106  cycles,  and  thus  avoid  tying  up 
the  entire  item  of  equipment  for  a  long  time  on 
a  large  vibration  shaker. 

Consideration  might  also  be  given  to  per¬ 
forming  a  shorter  test  at  higher  levels.15  Ob¬ 
viously,  certain  assumptions  must  be  made  for 
such  a  tradeoff,  some  or  all  of  which  may  prove 
to  be  invalid.  For  example,  equipment  malfunc¬ 
tion  rather  than  structural  fatigue  may  be  of 
prime  importance.  This  is  true  of  most  elec¬ 
tronic  and  electromechanical  equipment.  When 
these  conditions  exist,  accelerated  testing  may 
have  to  be  ruled  out,  in  spite  of  the  extended 
times  which  may  be  involved. 1  If  accelerated 
testing  is  considered,  the  manufacturer  of  the 
equipment  should  be  given  the  option  of  chooring 
the  longer,  lower-level  test  or  the  shorter, 


higher -level  one,  on  the  basis  of  which  is  most 
economical  on  an  overall  basis  (taking  the  costs 
of  unnecessary  redesign  into  consideration,  as 
well  as  testing). 


OTHER  PREDICTION  PROCEDURES 

Other  procedures  are  available  for  con¬ 
verting  wideband  (octave  or  one-third  octave) 
acoustic  noise  to  wideband  vibration.  The 
Franken  procedure16  and  the  Winter  proce¬ 
dure17  each  relate  the  radial  vibration  of  mis¬ 
sile  skin  to  external  acoustic  noise.  Thus,  they 
are  not  expected  to  predict  vibration  at  equip¬ 
ment  locations  with  reasonable  accuracy.  In 
fact,  much  higher  vibration  levels  can  be  ex¬ 
pected  at  the  missile  skin.  The  Franken  pro¬ 
cedure  employs  a  frequency  shift  of  the  vibration 
spectrum  inversely  with  the  diameter  of  the 
missile,  whereas  the  Winter  prediction  does 
not  utilize  the  spectrum  shift.  As  applied  to  the 
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ACCELERATION  SPECTRAL  DENSITY  -QVcps 


Fig.  16  -  Random  vibration  design  and  test  criteria  for  various  OA  SPL  or  OA  TPL  for  use 
during  the  preliminary  design  or  proposal  phase  of  a  program 
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Fig.  17  -  Predicted  wideband  structural  response  of  missile  skin 
to  acoustic  noise  (Refs.  16  and  17) 


Skybolt  missile,  with  a  diameter  of  3  feet.  Fig. 
17  shows  the  Winter  prediction  as  a  region  con¬ 
tained  between  two  solid  curves  and  the  Franken 
prediction  between  two  dashed  curves.  The 
ordinate  contains  a  log  term  of  the  surface  den¬ 
sity  (W),  which  for  Skybolt  was  W  =  (pg)  (t)  = 
(0.095  lb/in.3)  (0.080  in.)  (144  in.2/ft2)  =  1.10 
psf,  or  20  log  W  »  1  db  (re  1  psf).  Thus  octave 
band  acceleration  levels  (OB  AL)  can  be  calcu¬ 
lated  from  Fig.  17  for  predicted  or  measured 
external  OB  SPL  or  OB  TPL.  The  octave  band 
average  acceleration  spectral  density  [G(Af)] 
can  then  be  calculated  from 

G(Af)  =  Ax  2/Af  .  (5) 

where  the  mean  square  acceleration  (Axr2)  in 
the  octave  band  can  be  obtained  from 

OB  AL  =  10  log  Axr2  (db  re  1  g2)  .  (6) 

An  octave  band-to-narrow  band  correction  fac¬ 
tor  of  5  can  again  be  selected  for  enveloping 
the  peaks  of  the  spectrum. 


Another  prediction  procedure  has  just  been 
reported  by  Curtis,18  relating  the  random  vi¬ 
bration  of  equipment  in  several  aircraft  with 
the  dynamic  pressure  of  the  vehicle  during 
flight.  Acoustic  noise  from  engines  during 
takeoff  was  not  considered.  For  a  typical  air¬ 
craft  with  q*  =  2130  psf,  Curtis  finds  that  the 
broadband  spectrum  approaches  (on  the  aver¬ 
age)  a  constant  6  x  10" 3  g2/cps  in  the  frequency 
range  from  10  to  2650  cps,  and  that  88  percent 
of  the  narrow  band  peaks  (assuming  a  Rayleigh 
distribution)  tends  to  reach  a  constant  3  x  10- 2 
g2/cps.  Using  this  value  as  enveloping  the 
spectral  peaks,  the  predicted  narrow  band  ac¬ 
celeration  spectral  density  [G(f)]  for  any  vehi¬ 
cle  is 

0(,)  =  («2/cps)-  (7> 

Obviously,  the  Curtis  procedure  has  the  advan¬ 
tage  of  not  requiring  the  prediction  or  measure¬ 
ment  of  OB  TPL. 
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APPLICATION  OF  THE  VARIOUS 
PREDICTION  PROCEDURES  TO 
SKYBOLT  GUIDANCE  EQUIPMENT 

In  all  the  above  procedures  (except  the 
Curtis  procedure),  it  is  necessary  to  first  es¬ 
tablish  the  OB  SPL  or  OB  TPL.  Early  in  the 
Skybolt  program,  acoustic  measurements  were 
made  adjacent  to  the  surface  of  a  dummy  Sky¬ 
bolt  missile  (at  Boeing-Wichita)  during  simu¬ 
lated  dry  and  wet  takeoffs.  Thus  acoustical 
predictions  for  these  conditions  were  not 
needed.  Since  later  Skybolt  vibration  measure¬ 
ments  were  made  only  during  dry  takeoff,  only 
dry  takeoff  acoustic  noise  need  be  considered 
for  the  comparison  of  vibration  prediction  with 
measurement.  The  measured  acoustic  spec¬ 
trum  at  the  guidance  bay  is  shown  in  Fig.  18 
(as  the  solid  curve). 

The  external  aerodynamic  turbulence  dur¬ 
ing  the  postlaunch  flight  of  the  missile  was  pre¬ 
dicted  using  the  procedure  which  incorporated 
Eqs.  (2)-  (4)  and  the  spectrum  of  Fig.  9.  Since 
Skybolt  flight  measurements  (described  later) 
showed  that  the  vibration  was  actually  higher 
before  the  maximum  value  of  the  free  stream 
dynamic  pressure  was  reached,  the  prediction 


will  use  the  conditions  of  the  missile  at  the 
time  of  highest  vibration  rather  than  at  the  time 
of  qmax.  During  Skybolt  flight  tests,  highest 
vibration  occurred  at  a  Mach  number  M*  =  2.5 
and  a  pressure  altitude  of  45,000  ft.  Using  the 
ARDC  model  atmosphere19:  q*  =  1400  psf, 
ca  =  970  ft/sec,  and  va  =  6.43  x  10"4  ftVsec. 
Substituting  q*  into  Eq.  (2),  OA  TPL  =145  db. 

To  utilize  Fig.  9,  the  boundary  layer  thick¬ 
ness  must  be  determined  from  Eq.  (3).  The 
value  of  L  (the  distance  from  the  leading  edge 
initiating  the  turbulence  to  the  location  of  in¬ 
terest),  however,  must  be  selected.  Now,  from 
observing  Fig.  2,  two  values  of  L  seem  logical: 
(1)  the  distance  from  the  nose  of  the  missile  to 
the  center  of  the  guidance  bay,  i.e.,  L  =  140  in.; 
and  (2)  the  distance  from  the  intersection  of  the 
conical  and  cylindrical  sections  to  the  center  of 
the  guidance  bay,  i.e.,  L  =  20  in.  The  correct 
choice  would  be  dependent  upon  the  effects  of 
the  conical  wedge  on  the  aerodynamic  flow. 
Selecting  L  =  140  in.  assumes  no  suppression 
of  the  turbulent  flow,  while  selecting  L  =  20  in. 
assumes  complete  suppression  (i.e.,  laminar 
flow)  until  the  cone-cylinder  intersection.  To 
avoid  guessing  which  supposition  is  correct, 
both  values  of  L  will  be  used  for  predicting  the 


Fig.  18  -  External  turbojet  noise  and  boundary  layer  pressure  spectra  for  Skybolt  missile 
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Fig.  19  -  Predicted  narrow  band  random  vibration  spectra 
using  Nortronics  modification  of  Mahaffey -Smith  procedure 


boundary  layer  spectrum.  The  two  predicted 
spectra  shown  in  Fig.  18  as  the  dashed  and  the 
dash-and-dot  curves  are  derived  by  making  the 
necessary  substitutions  into  Eq.  (3)  and  Fig.  9 
to  find  the  TSL  (as  a  function  of  frequency),  and 
then  calculating  the  OB  TPL  from  Eq.  (4).  With 
the  three  curves  of  Fig.  18,  it  is  possible  to 
predict  vibration  levels  using  three  of  the  four 
available  procedures.  Each  procedure  will  be 
covered  separately. 


Nortronics  Procedure 

The  average  acceleration  spectral  density 
[G(Af )]  in  each  octave  band  is  obtained  from 
Figs.  10  and  11,  by  using  values  of  OB  SPL  or 
OB  TPL  from  Fig.  18.  The  vibration  envelopes 
of  Fig.  19  are  obtained  for  the  Nortronics  pro¬ 
cedure  by  applying  the  octave  band-to-narrow 
band  correction  factor  of  5. 

Franken  Procedure 

The  average  acceleration  spectral  density 
in  each  octave  band  is  obtained  from  the  two 


dashed  curves  of  Fig.  17,  and  then  applying 
Eqs.  (6)  and  (5).  As  mentioned  previously,  a 
value  of  20  log  w  =  1  db  should  be  used  for 
Skybolt.  Values  of  OB  SPL  or  OB  TPL  are 
again  selected  from  Fig.  18.  Using  a  correc¬ 
tion  factor  of  5,  the  vibration  envelopes  of  Figs. 
20  and  21  are  obtained  for  the  Franken  proce¬ 
dure. 


Winter  Procedure 

The  vibration  envelopes  of  Figs.  22  and  23 
are  obtained  for  the  Winter  procedure  by  using 
the  two  solid  curves  of  Fig.  17. 


Curtis  Procedure 

As  stated  previously,  the  Curtis  procedure 
is  used  only  for  aerodynamic  turbulence.  The 
random  vibration  is  predicted  solely  on  the 
basis  of  the  dynamic  pressure.  Substituting 
=  1400  psf  into  Eq.  (7),  a  white  vibration 
envelope  of  1.3  x  10"2  g2/cps  is  obtained  for 
the  Curtis  procedure. 
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Fig.  20  -  Predicted  narrow  band  random  vibration  spectrum  for 
B-52F  dry  takeoff  using  Franken  procedure 
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Fig.  21  -  Predicted  narrow  band  random  vibration  spectra  for 
GAM-87A  postlaunch  (q^  =  1400  psf)  using  Franken  procedure 
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Fig.  22  -  Predicted  narrow  band  random  vibration  spectrum 
for  B-52F  dry  takeoff  using  Winter  procedure 
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Fig.  23  -  Predicted  narrow  band  random  vibration  spectra  for 
GAM-87A  postlaunch  (q^  =  1400  psf)  using  Winter  procedure 


256 


SKYBOLT  VIBRATION 
MEASUREMENTS 

Vibration  measurements  were  made  at 
various  times  during  GAM-87A  flight  tests. 
Three  dry  takeoffs  and  two  missile  flights 
were  made  with  the  Nortronics  guidance  equip¬ 
ment  installed.20'21  A  failure  developed  on 
one  of  the  flights,  negating  the  use  of  that  vibra¬ 
tion  data  to  a  large  extent.  Most  of  the  data 
were  taken  by  accelerometers  mounted  on  an 
aluminum  block  which  was  attached  to  second¬ 
ary  structure  of  the  missile,  as  shown  in  Fig. 
24.  This  structure  held  the  combined  Ballistic 
Computer- Platform  Electronics  (BC-PE)  pack¬ 
age  through  two  of  the  four  resilient  mounts. 

In  addition,  some  data  were  taken  elsewhere  in 
the  guidance  bay  with  interim 
guidance  equipment)  installed. 

Data  reduction  was  performed  in  several 
forms.  Instantaneous  acceleration  vs  time  his¬ 
tories  were  recorded  on  an  oscillograph.  The 
rms  acceleration  vs  time  histories  were  re¬ 
corded  on  a  graphic  level  recorder,  as  shown 
in  Fig.  25,  for  dry  takeoff  and  low  altitude 
climb  and  in  Fig.  26  for  high  altitude  cruise 


and  postlaunch  events.  (The  left  side  of  each 
figure  is  devoted  to  instrumentation  calibrations 
and  the  determination  of  the  electrical  noise 
floor  of  the  analysis  facility.  All  pertinent 
events  and  "bad  data"  (BD)  intervals  are  clearly 
labeled.) 

Narrow  band  frequency  analysis  was  per¬ 
formed  during  the  following  events:  B-52F 
takeoff,  low  altitude  climb  and  high  altitude 
cruise,  GAM-87A  free  fall,  pitch-up  (after  first 
stage  ignition),  high  vibration  preceding  q 
(actually  =  1400  psf),  second  stage  flight, 
and  other  intervals.  These  frequency  analysis 
intervals  are  labeled  FA  in  Figs.  25  and  26. 

The  spectra  are  summarized  in  Figs.  27-  32, 
each  figure  showing  different  events  for  the 
same  missile  number,  location,  and  direction. 
Takeoff  data  for  all  flights  are  summarized 
separately  in  Figs.  33-  35  for  the  three  orthog¬ 
onal  directions.  Postlaunch  data  for  =  1400 
psf  are  summarized  in  Fig.  36.  Figures  33-  36 
will  be  used  for  comparing  the  various  predic¬ 
tions  with  measured  vibration.  In  Figs.  27  -  36, 
spectra  are  seldom  presented  for  frequencies 
less  than  400  cps.  The  electrical  noise  floor 
usually  equalled  or  exceeded  the  vibration 
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Fig.  24  -  Accelerometer  mounting  location  near  BC-PE  package 
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TIME  FROM  FIRST  FULL  SECOND 
AFTER  FULL  POWER  (SEC) 


BC-PE  during  guided  launch 


ACCELERATION  SPECTRAL  DENSITY  -g2  cps 


-  FLT  P-4,  8-52F  HIGH  ALTITUDE  CRUISE,  0.41  g  ms 

• - •  FLT  P-4,  POSTLAUNCH  FREE  FALL,  0  36  g  rms 

V— — — V  FLT  P-4,  POSTLAUNCH  q^  1400  pr.f,  1.50  g  rms 


MEASURED  DATA 
IOllc,  GAM-87A 
MISSILE  20028 
as  axii  LONGITUDINAL 
ATT.  REF. 


102 

FREQUENCY  'CPS 


Fig.  27  -  Measured  narrow  band  random  vibration  spectra  for 
attitude  reference  during  programmed  launch  P-4 
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ACCELERATION  SPECTRAL  DENSITY 


V - V 

0 - 0 

D - O 


FLT  TM-IOS,  B-52F  DRY  TAKEOFF,  1  08  g  ,m% 

FLT  TM- 106 A,  B-52F  DRY  TAKEOFF,  2  12  g  rms 
FLT  TM-105,  B-52F  LOW  ALTITUDE  CLIMB,  0.34  g  rms 
FLT  TM-  108A,  B  52F  1  OW  ALTITUDE  CLIMB,  0  73  g  rms 
FLT  G  l,  B-52F  HIGH  ALTITUDE  CRUISE,  0  41  g  ,ms 


MEASURED  DATA 
GAM-87A 
MISSILE  20031 

,  LONGITUDINAL 
•  BC  PE 
;  '  t  .  r  . 

55cPS 

20-1200  cps 


10 


10! 
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Fig.  28  -  Measured  narrow  band  random  longitudinal  vibration  spectra 
for  BC-PE  during  TM-105  and  TM-108A  takeoff  and  flight 
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ACCELERATION  SPECTRAL  DENSITY  -g'/cp 


- —  ■  FLT  TM-105,  B-52F  DRY  TAKEOFF,  1.43  g  rmt 

—  ■-  FLT  TM-I06A,  B-52F  DRY  TAKEOFF,  3.36  g  rmt 

O  O  FLT  TM-105,  B-52F  LOW  ALTITUDE  CLI  MB,  0.48  g  rmt 

V - V  FLT  TM-108A,  B-52F  LOW  ALTITUDE  CLIMB,  1  34  g  rmt 

O— — — — a  FLT  C  1.B-52F  HIGH  ALTITUDE  CRUISE.  0.50  g  rmt 


Fig.  29  -  Measured  narrowband  random  lateral  vibration  spectra 
for  BC-PE  during  TM-105  and  TM-108A  takeoff  and  flight 
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FLT  TM-108A,  B-52F  DRY  TAKEOFF,  6  31  g  rm* 

FLT  G  l,  B-52F  HIGH  ALTITUDE  CRUISE,  0  53  g  rm» 


Fig.  30  -  Measured  narrow  band  random  vertical  vibration  spectra 
for  BC-PE  during  TM-105  and  TM-108A  takeoff  and  flight 
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o - o 

V - V 

□ - □ 


FLT  TM-UOA,  B-S2F  ORY  TAKEOFF,  3.10  grins 
FLT  TM-110A,  B-52F  LOW  ALTITUDE  CLIMB,  0  83  g  rms 
FLT  G-2.  B-52F  HIGH  ALTITUDE  CRUISE,  0.33  g  rms 
FLT  G-2,  POST  LAUNCH  FREE  FALL,  0.23  grms 
FLT  G-2,  POST  LAUNCH  1400  p.f,  0.88  g  rms 


10“' 


10" 4 


10“’ 


FREQUENCY  *CPS 


Fig,  31  -  Measured  narrow  band  random  vibration  spectra  for  BC-PE 
during  TM-110A  takeoff  and  flight  and  guided  launch  G-2 
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ACCELERATION  SPECTRAL  DENSITY  -g*/cP! 


FLT  TM-110A,  B-52F  DRY  TAKEOFF,  3.39  9  rmi 
FLT  TM-UOA,  B-52F  LOW  ALTITUDE  CLIMB,  0.60 
FLT  G-2  B-S2F  HIGH  ALTITUDE  CRUISE,  0.23  9 
FLT  G-2  POST  LAUNCH  FREE  FALL,  0.19,g  rms 
FLT  G-2  POST  LAUNCH  =  1400  pt«,  0.72  g  -«■« 


10  10'  101 

FREQUENCY  'CPS 


Fig,  32  -  Measured  narrow  band  random  vibration  spectra  for  BC-PE 
during  TM-110A  takeoff  and  flight  and  guided  launch  G-2 
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FLT  TM-105,  1.08  9rm»,  20-1200  cpi 
FLT  TM-108A,  2.12  grin*,  20-1200  cp. 
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Fig.  33  -  Summary  of  measured  narrow  band  random  vibration  spectra 
for  B-52F  dry  takeoff,  longitudinal  direction 


signals  at  the  lower  frequencies,  so  that  no 
reasonable  estimation  of  the  true  spectra  can 
be  made.  It  is  known,  however,  that  the  low 
frequency  portion  of  each  spectrum  is  less  than 
the  left  end  of  the  high  frequency  portion  of  the 
spectral  line. 

The  vibration  in  the  above  intervals  was 
examined  for  sinusoids,  by  inspecting  the  out¬ 
put  of  a  narrow  band  filter  which  was  tuned  in 
sequence  to  significant  spectral  peaks.  For  ex¬ 
ample,  Fig.  37  shows  the  output  of  three  filters, 
each  tuned  to  the  same  frequency,  during  the 
same  analysis  interval  for  B-52F  high  altitude 
cruise.  Ignoring  the’  effects  of  the  magnetic 
tape  splice  blanker,  the  modulation  of  the  enve¬ 
lope  of  the  instantaneous  signal  indicates  the 
presence  or  absence  of  any  sinusoid  within  the 
band.  If  only  random  vibration  were  present 
the  envelope  would  occasionally  come  to  zero, 
while  pure  sinusoidal  vibration  would  produce 
a  constant  envelope  with  no  modulation. 


Probability  density  analyses  of  wideband 
signals  were  also  made.  Figure  38  shows  typi¬ 
cal  plots,  indicating  some  deviation  from  the 
Gaussian. 

Although  not  to  be  discussed  here,  signifi¬ 
cant  shocks  occurred  at  missile  drop,  engine 
ignitions,  and  burn-outs.  Response  spectra 
were  obtained  and  reported  by  Douglas  Aircraft 
Company.20"22 


COMPARISON  OF  VARIOUS  PRE¬ 
DICTION  PROCEDURES  WITH 
SKYBOLT  VIBRATION  MEAS¬ 
UREMENTS 

The  comparison  between  the  above  proce¬ 
dures  and  measured  data  will  be  made  on  the 
basis  of  the  information  in  the  two  previous 
sections.  Because  most  of  the  measurements 
did  not  extend  below  400  cps  (for  reasons  stated 
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Nortronics  Procedure 


earlier),  an  accurate  comparison  of  prediction 
with  measurements  at  lower  frequencies  is  not 
possible.  The  left  end  of  the  higher  frequency 
portion  of  each  spectral  line,  however,  can  be 
used  for  a  gross  comparison. 

The  criterion  selected  for  reasonable  pre¬ 
diction  is  that  the  prediction  envelopes  the 
measured  spectral  peaks  by  a  factor  of  3  or 
less,  but  never  underestimates  the  peaks  (i.e., 

0  to  +5  db  on  a  power  basis).  An  occasional 
narrow  band  exceedance  of  the  field  data  or  an 
occasional  overprediction  (by  a  factor  of  10)  is 
considered  acceptable,  since  minor  changes  in 
the  resulting  design  and  test  criteria  will  prob¬ 
ably  not  produce  any  changes  in  the  final  design 
of  the  equipment.  Predictions  which  vary  sig¬ 
nificantly  from  this  criterion  are  considered  to 
have  serious  deficiencies  in  its  application  to 
hardware  design.  This  criterion  will  be  used 
in  judging  the  various  procedures. 


A  comparison  of  the  measured  B-52F  dry 
takeoff  vibration  data  with  the  Nortronics- 
Mahaffey-Smith  prediction  is  shown  in  Figs. 
39-41,  with  the  prediction  shown  as  the  dashed 
line  on  each  figure.  In  Fig.  39,  the  prediction 
does  a  good  job  of  estimating  the  spectral  peaks 
above  300  cps,  but  is  grossly  overconservative 
below  300  cps.  In  Fig.  40,  the  prediction  is 
satisfactory  at  high  frequencies,  but  it  seriously 
underestimates  the  measurements  in  the  300- 
to  600-cps  range.  At  low  frequencies,  it  grossly 
overestimates  the  measurements.  In  Fig.  41,  a 
serious  underestimation  occurs  above  400  cps, 
and  an  acceptable  overestimation  occurs  below 
400  cps.  A  comparison  of  the  measured  vibra¬ 
tion  data,  for  the  missile  postlaunch  condition 
of  q*  =  1400  psf,  with  the  Nortronics-Mahaffey- 
Smith  prediction  is  shown  in  Fig.  42.  As  men¬ 
tioned  previously  two  predictions  were  made, 


.  ,  FLT  TM-105,  MISSILE  20031,  1.43  9rm$,  20-660  cp< 

_  FLT  TM-138A,  MISSILE  20031,  3.36  grmt,  20-660  cp> 
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Fig.  34  -  Summary  of  measured  narrow  band  random  vibration  spectra 
for  B-52F  dry  takeoff,  lateral  direction 
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FLT  TM-108A,  MISSILE  20031,  6.3  grins.  20  1200  cps 
FLT  TM-110A,  MISSILE  20032,  3.4  20  1200  cps 

(  *]■  '  |  f- 1  -f.  |  '■!■_{■  .  — j-  -  J  [-J-  •  ■  ^  GAM-87  A 

- - - - - -  — - - - - —  —  —  —  -  MEASURED  DATA 

- L_ - -  B-52F  DRY  TAKEOFF 

- - j - A>  ,  VERTICAL 

- - 1 - -  4f  %  BC-PE 

- 1 - i - 1 - — 


Fig.  35  -  Summary  of  measured  narrow  band  random  vibration  spectra 
for  B-52F  dry  takeoff,  vertical  direction 


one  assuming  L  =  140  in.  and  the  other  assum¬ 
ing  L  =  20  in.  As  seen  in  Fig.  42,  both  predic¬ 
tions  grossly  overestimate  the  measurements 
in  the  range  below  500  cps  and  are  satisfactory 
from  500  to  1400  cps.  Both  predictions  under¬ 
estimate  the  field  measurements  from  1400  to 
1900  cps,  with  the  prediction  for  L  =  20  in. 
considered  an  important  underestimation. 

Predicated  on  the  above-mentioned  crite¬ 
rion,  the  Nortronics  procedure  is  not  accept¬ 
able.  The  deficiencies  of  the  procedure  can 
most  probably  be  laid  to  the  differences  between 
the  structures  of  the  B-58  and  Skybolt.  As 
pointed  out  by  W.  C.  Smith  of  Boeing-Wichita 
(before  Skybolt  flight  tests  were  made) ,  the 
B-58  data  should  not  be  applied  directly  to  ve¬ 
hicles  of  small  diameter.  As  Smith  pointed  out, 
most  of  the  B-58  low  frequency  resonances 
could  be  expected  in  the  range  of  100-300  cps, 
whereas  vehicles  of  small  diameter  should  have 
their  low  frequency  resonances  in  the  300-  to 
1200-cps  region.  Figures  39-42  certainly  veri¬ 
fy  this  prophecy.  These  differences  were  not 


accounted  for,  however,  in  the  Nortronics  pro¬ 
cedure.  It  was  the  intent  of  this  comparison  to 
judge  the  procedure  without  further  modifica¬ 
tion. 


Franken  Procedure 

A  comparison  of  the  measured  B-52  takeoff 
vibration  data  with  the  Franken  prediction  is 
shown  in  Figs.  39-41,  with  the  prediction  shown 
as  blocks  having  slanted  lines  from  upper  left 
to  lower  right.  Because  the  Franken  procedure 
predicts  the  highest  spectral  density  at  1200- 
2400  cps,  a  gross  overestimate  of  the  measure¬ 
ments  at  high  frequency  is  found.  In  Fig.  39,  a 
satisfactory  prediction  is  found  at  400  cps  and 
an  acceptable  over  prediction  occurs  at  lower 
frequencies.  In  Fig.  40,  a  serious  underesti¬ 
mate  occurs  at  300-600  cps,  and  an  acceptable 
overprediction  below  200  cps.  In  Fig.  41,  an 
acceptable  prediction  is  found  below  1200  cps, 
but  a  gross  over  estimation  occurs  above  1200 
cps. 
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A  comparison  of  measured  vibration  data, 
for  the  missile  postlaunch  condition  of  q*  = 

1400  psf ,  with  the  Franken  procedure  is  shown 
in  Fig.  43.  Again  two  predictions  (l  -  140  in. 
and  L  =  20  in.)  are  utilized.  For  L  =  20  in’., 
gross  overestimate  occurs  above  600  cps,  while 
a  satisfactory  prediction  occurs  below  this  fre¬ 
quency.  The  prediction  for  L  =  140  in.  appears 
grossly  overconservative.  Although  the  Franken 
procedure  has  some  deficiencies  when  applied 
to  Skybolt  equipment,  it  should  be  remembered 
that  the  procedure  was  intended  for  predicting 
the  vibration  of  missile  skin.  Since  we  have 
removed  the  procedure  from  its  intended  use, 
no  criticism  of  the  procedure  should  be  leveled 
on  the  basis  of  these  measurements. 


Winter  Procedure 

A  comparison  of  the  measured  B-52  dry 
takeoff  vibration  data  with  the  Winter  prediction 
is  again  shown  on  Figs.  39-41,  with  the 


prediction  shown  as  blocks  having  the  slanted 
lines  from  lower  left  to  upper  right.  With  the 
exception  of  the  frequency  range  of  300-600  cps 
in  Fig.  40,  the  procedure  grossly  overestimates 
the  measurements.  Compared  to  the  Nortronics 
and  Franken  procedures,  however,  the  Winter 
prediction  does  the  best  job  of  estimating  the 
shape  of  the  spectra. 

A  comparison  of  measured  vibration  data, 
for  the  missile  postlaunch  condition  of  = 

1400  psf,  with  the  Winter  procedure  is  shown  in 
Fig.  44.  Although  the  prediction  grossly  over¬ 
estimates  the  measurements,  the  same  general 
conclusions  can  be  made  regarding  the  spectral 
shape.  For  this  reason,  the  Winter  procedure 
appears  to  have  more  potential  than  the  Nor¬ 
tronics  and  Franken  procedures.  Like  the 
Franken  procedure,  the  Winter  procedure  was 
intended  for  application  to  missile  skin.  By 
eliminating  the  octave  band-to-narrow  band 
correction  factor  of  5  that  was  appli'  above 
to  the  Winter  procedure,  however,  a  reasonable 
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Fig.  36  -  Summary  of  measured  narrow  band  random  vibration  spectra 
for  GAM -87 A  postlaunch  (q,  =  1400  psf) 
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Fig.  38  -  Normalized  probability  density  function 


Fig.  39  -  Comparison  of  measured  takeoff  data  with  three 
prediction  procedures,  longitudinal  direction 
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ACCELERATION  SPECTRAL  DENSITY 
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Fig.  40  -  Comparison  of  measured  takeoff  data  with  three 
prediction  procedures,  lateral  direction 
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Fig.  41  -  Comparison  of  measured  takeoff  data  with  three 
prediction  procedures,  vertical  direction 
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ACCELERATION-SPECTRAL  DENSITY 
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Fig.  43  -  Comparison  of  measured  postlaunch  data  (q^  =  1400  psf) 
with  prediction  using  Franken  procedure 
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Fig.  44  -  Comparison  of  measured  postlaunch  data  (qM  =  1400  psf) 
•with  prediction  using  Winter  procedure 
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FREQUENCY  'CPS 

Fig.  45  -  Comparison  of  measured  postlaunch  data* ( =  1400  psf) 
with  prediction  using  Curtis  procedure 
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prediction  for  equipment  is  obtained.  (The  au¬ 
thors  feel  that  the  cancellation  of  the  correction 
factor  is  a  fortunate  coincidence.) 


Curtis  Procedure 

A.  comparison  of  the  measured  vibration 
data,  for  the  missile  postlaunch  condition  of 
q„  =  1400  psf,  with  the  Curtis  procedure  is 
shown  in  Fig.  45.  (The  Curtis  procedure  was 
not  developed  for  jet  engine  noise.)  Figure  45 
shows  that  the  prediction  nominally  overesti¬ 
mates  the  measurements  above  500  cps,  and 
grossly  exceeds  the  measurements  below  this 
frequency.  The  cause  of  the  overprediction  at 
the  lower  frequencies  is  probably  due  to  the 
same  reason  for  the  Nortronics  procedure 
overprediction  at  lower  frequencies,  i.e.,  air¬ 
craft  often  have  their  low  frequency  resonance 
below  300  cps,  while  a  small  diameter  vehicle 
would  shift  these  resonances  to  the  higher  fre¬ 
quencies.  Thus  the  Curtis  procedure  would 
probably  do  a  better  job  on  other  aircraft,  as 
Curtis  had  originally  intended. 


CONCLUSIONS  AND  RECOMMEN¬ 
DATIONS 

The  above  comparisons  clearly  indicate  that 
more  wobk  is  required  to  develop  a  satisfactory 
generalized  prediction  procedure  for  equipment 
in  aerospace  vehicles.  It  is  easy  to  see  that 
installations  other  than  Skybolt  would  show  up 
deficiencies  3imilar  to  those  in  Skybolt.  For 
example,  similar  difficulties  have  already  been 
reported  on  Titan23  and  will  probably  occur  on 
other  aerospace  vehicles  using  present  state- 
of-the-art  techniques.  As  Condos  and  Butler 
have  recommended,  acoustic  testing  of  large 
vehicle  sections  (with  equipment  installed) 
should  be  performed  early  in  a  vehicle  program 
to  refine  the  prediction.  If  flight  equipment  is 
not  available  for  these  tests,  then  structural 
dummies  should  be  substituted.  If  dummies  are 
utilized,  mechanical  impedance  tests  could  be 
performed  subsequently  on  (1)  the  dummy,  (2) 


the  flight  item,  and  (3)  the  supporting  vehicle 
structure,  so  that  the  vibration  motion  applied 
to  the  dummies  could  be  altered  to  reflect  the 
substitution  of  actual  flight  hardware.  Obvi¬ 
ously,  these  tests  would  have  to  be  integrated 
into  the  overall  vehicle  program,  just  as  hard¬ 
ware  developmental  tests  are  presently  inte¬ 
grated. 

Most  aerospace  engineers  recognize  the 
importance  of  accurate  prediction  to  the  proper 
design  and  optimization  of  aerospace  equipment, 
in  order  to  achieve  the  best  tradeoff  between 
reliability  and  weight.  Considering  present  and 
future  weight  limitations  of  aerospace  vehicles, 
and  the  demonstrated  lack  of  reliability  in  the 
past,  it  is  obvious  that  strong  financial  support 
is  warranted  for  further  development  of  predic¬ 
tion  procedures.  The  authors  seriously  question, 
however,  if  this  valuable  work  will  be  done  in 
the  near  future.  The  present  emphasis  on  cost 
effectiveness  has  already  produced  the  result 
nearly  every  aerospace  engineer  had  expected: 
the  de-emphasis  of  true  R&D  and  in  its  place 
substituting  the  idea  of  "getting  along  with  what 
we  have."  This  attitude  will  no  doubt  produce 
drastic  changes  to  the  progress  of  the  aerospace 
industry.  Using  exactly  the  same  philosophy  of 
operation,  the  automotive  industry  has  shown  in 
the  last  50  years  that  there  is  little  progress 
beyond  the  internal  combustion  engine,  four 
wheels,  and  marginal  reliability. 
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of  the  frequency  analyzer,  and  the  dad  normally 
go  below  this.  We  determined  the  electrical 
noise  floor  by  measurements  at  other  times 
when  only  the  electrical  equipment  wa«  work- 
tng  —  no  substantial  external  field  envi  'ar  mont. 
bo  we  know  tliat  the  data  go  below  —  shall  wt 
say,  where  the  data  would  if  you  drew  hori¬ 
zontal  line  -  that  is,  where  the  noise  floor  would 
be.  We  had  expected  that  the  vibration  levels 
would  continue  to  go  down,  with  an  occasion?! 
exception.  For  example,  we  saw  a  couple  of 
spikes  around  30  cps  which  we  feel  probably 
represented  the  feedback  .ves^anse  of  the 
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equipment  on  the  resilient  mounts.  I  thought 
this  problem  would  come  up  because  we  then  no 
longer  had  a  frame  of  reference  for  comparing 
the  prediction  with  the  environment.  But,  if  you 
will  notice,  in  the  low  frequency  range,  espe¬ 
cially  for  the  Mahaffey  &  Smith  method,  it  was 
higher  than  where  the  data  had  stopped.  So  I 
think  the  conclusion  is  still  the  same. 

Voice:  You  used  three  methods.  Which 
one  would  you  say  is  best?  Or  are  they  all 
pretty  bad  ? 

Mr.  Himelbl.au:  I  guess  a  better  question 
is:  Which  one  would  I  use  now  ?  I  think  I  would 


like  to  hold  off  on  that  answer  until  I  try  a  cou¬ 
ple  more  things.  One,  I  would  like  to  take  the 
Winter  prediction  which  seems  to  follow  the 
spectrum  shape  a  little  bit  better  and  perhaps 
reduce  this  by  some  fudge  factor  based  on  the 
transfer  from  the  skin  to  the  internal  equip¬ 
ment.  I  would  like  to  try  that  before  answering 
your  question.  Also,  I  would  like  to  try  out  the 
procedure  that  was  presented  earlier  in  this 
meeting  by  Allen  Curtis  of  Hughes.  As  usual, 
the  next  door  neighbors  do  not  know  what  each 
other  is  doing;  so  I  would  like  to  see  how  well 
his  method  works  with  these  data,  and  maybe 
make  the  decision  at  that  time. 


